My &

RESOURCE SERIES 1

GEOLOGY
OF
ROCKY MOUNTAIN

A SYMPOSIUM
1976

Edited by

O Keithk Mlu’"l‘ﬁl,,l

COLORADO. GEOLOGICAL SURVEY

DEPARTMENT OF NATURAL RESOURCES
STATE OF COLORADO
DENVER + CCLORADO

198«

PRICE €4.00

COAL



RESOURCE SERIES 1

GEOLOGY
OF
ROCKY MOUNTAIN COAL

PROCEEDINGS
OF THE
1976 SYMPOSIUM

Edited by

D. Keith Murray

DOI: https://doi.org/10.58783/cgs.rs01.fnbg7289

COLORADO GEOLOGICAL SURVEY
DEPARTMENT OF NATURAL RESOURCES

STATE OF COLORADO
DENVER , COLORADO

1977


https://doi.org/10.58783/cgs.rs01.fnbg7289

STATE OF COLORADO
Richard D. Lamm, Governor

DEPARTMENT OF NATURAL RESOQURCES COLORADO GEOLOGlCAL.SURVEY
Harris D. Sherman, John W. Rold, Dnrecfor
Executive Director and State Geologist

MISSION OF THE COLORADO GEOLOGICAL SURVEY

The Colorado Geological Survey was legislatively re-established in February
1969 to meet the geologic needs of the citizens, governmental agencies, and
mineral industries of Colorado. This modern legislation is aimed at apply-
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Anthracite and semianthracite
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Medium- and high-voiatile bituminous coal
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Low-volattte bituminous coal

Subbituminous coal

Lignite

Deep color represents areas known to contain coal
of present or of potential future commercial value. In
general, the minimum thickness included are 14
inches for anthracite and bituminous coal. and 30
inches for subbituminous coal and lignite.

1 Light color represents areas of unknown, or of
doubtful value for coal.

Light color and stippling represents areas in which
the coal-bearing rocks are under cover, which may
range in thickness from a few hundred to thousands
of feet.
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COAL FIELDS

Coal-bearing regions of the Rocky Mountains (from Geologic

Atlas of the Rocky Mountain Region, Rocky Mountain
Association of Geologists, 1972)
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FOREWORD

The ''1976 Symposium on the Geology of Rocky Mountain Ceal,' the first of what we
hope will be an annual event, was held on April 26 and 27 at the Cecil H. and Ida Green
Graduate and Professional Center on the campus of the Colorado School of Mines, in Golden.
Over L0O people registered for the meeting, with over 200 coming from out of state and
from Canada. The theme of this symposium, and of future ones in this series, is '"Geology
is the key.' Without a doubt, coal is the answer to our short- and medium-term energy re-
quirements, and geology is the key to a better understanding of coal -- of its origin,
chemistry, and ultimate utilization.

The 1976 Symposium was sponsored by the Colorado Geological Survey and the Colo-
rado School of Mines, with valuable and much appreciated support from the U.S. Geological
Survey, U.S. Bureau of Mines, The Denver Coal Club, and Rocky Mountain Association of
Geologists. Without the assistance of many individuals from these agencies and organiza-
tions, together with that of numerous energy-related companies, this conference never
would have materialized. Finally, the success of the symposium was assured by the speak-
ers themselves, who contributed their time and effort in presenting a number of excellent
papers.

The symposium was organized into four technical sessions: (1) Basic coal geology
and geochemistry, (2) Rocky Mountain coal deposits, (3) Coal exploration techniques, and
(4) Geologic aspects of coal mining and utilization. The technical sessions commenced
with an excellent talk by Dr. William Spackman, Jr., of The Pennsylvania State University,
on '"Coal-forming processes in the swamps and marshes of Georgia and Florida,' and finished
with a challenging discussion by Dr. Allen G. Thurman, of D'Appolonia Consulting Engineers,
entitled '""Geologic aspects of environmental planning and reclamation.' Thus the entire
gamut was spanned, from the early genesis of coal in the peat swamps to the important re-
sponsibility of industry to suitably reclaim the land from which the coal has been extrac-
ted. We believe our goal -- to acquaint the coal geologist with the myriad aspects of ex-
ploration, development, marketing, and utilization of coal -- was attained with the presen-
tation of 19 papers In the four technical sessions. An additional benefit achieved was
the bringing together, for periods of informal discussions, concerned individuals repre-
senting a broad spectrum of the coal business -- broad in the sense both of specialty and
of geography. To round out the conference, two prominent geologists presented excellent
talks at our Monday luncheon and dinner sessions: Dr. William L. Fisher, then Assistant
Secretary, Minerals and Energy, U.S. Department of the Interior, spoke on an ''Update on
Federal coal policy'"; and Paul Averitt, now retired from the U.S. Geological Survey, pre-
sented a thought-provoking discourse on '"The way we must go.'

Woven throughout the symposium was the thesis that Western coal is playing an in-
creasingly important role in the Nation's energy supply picture. According to data pub-
lished by the U.S. Geological Survey, the Western States (including Alaska and Washington)
contain over 75 percent of the total estimated coal resources remaining in the ground in
the United States, or approximately 2.995 trillion tons, as of January 1, 1974,

In sum, this symposium filled a very important need, the need to find out more
about our '"Black Ace in the Hole' -- coal, a resource about which there is more ignorance
than knowledge, more confusion than fact. To quote from '"The Americans: 1976," by Irving
Kristol and Paul Weaver:

"To understand our confusion is to achieve a minor but crucial
triumph over that confusion. Even to understand our confusion
as confusion, rather than as something else, is no negligible
achievement."

The sponsors of this symposium attempted to obtain manuscripts from the author(s)
of each of the technical papers presented. The majority of the authors did submit manu-
scripts for the Proceedings in a timely fashion: 14 of the papers presented are reproduced
in their entirety; of the remaining five, only their abstracts are included in this volume.

The papers included in the Proceedings were, for the most part, givem only a modest
amount of editing and, as a consequence, thei™ style is not necessarily in accbrdance with
that of the usual publications of the Colorado Geological Survey.

The Editor was given considerable assistance in the preparation of this publication
by the following individuals, to whem he expresses his sincere appreciation: Meredith Y.
Curtin, Wanda Reh, and Janet E. Schultz. However, the undersigned assumes full respon-
sibility for any errors, inconsistencies, or shortcomings of these Proceedings, as well as
for the regrettable delay in their publication.

D. Keith Murray
Symposium Co-Chairman
Chief, Mineral Fuels Section

April 1977
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WHY ARE WE HERE?

JOHN W. ROLD: State Geologist and Director

Colorado Geological Survey

Denver, Colorado 80203

As we evaluate the question, ''Why are we here?",
we could approach the subject from many different an-
gles. The evaluation certainly must include the '"En-
ergy Crisis." | guess if we ask the question, ''Why
are we here?'', some people would answer, ''We are here
because some Arab was greedy and was trying not only
to make more money, but to use oil as a political tool
to dominate the world.'" Some would answer, ''We are
here because of governmental bungling, because govern-
ment was not able to solve future energy problems a-
head of time; was not able to provide enough energy in
the form of oil and gas and, therefore, allowed lines
at service stations during the highly visible 'crisis'
of 1973.'"' Others would answer, ''We are here because
the oil companies are a bunch of money-grubbing corp-
orations trying to hold up the American public, and
we are here as a result of that.' Maybe we are here
because people are like rabbits. At least, they are
increasing like rabbits, not only in the United States,
but all over the world. Every one in that rapidly in-
creasing populace has an increasing appetite and, par-
ticularly, an increasing appetite and need for energy.
They have begun to realize that energy is what makes
the world go 'round. |It's what gives us our standard
of living. It's what allows us to achieve a society
such as we enjoy today. | don't believe things are
joing to change. Human nature, human wants, and human
Jesires are going to remain pretty much the same in
the foreseeable future. This will force an ever-in-
:reasing demand for energy.

Also, I've never been around a group of people
:hat didn't have meetings almost as a ritual. | guess
yne could answer that a group of people with common
nterests always bands together to carry out the old
:ribal custom of getting together and having a meeting.
le've probably gathered here for a combination of all
:he above reasons.

Certainly, down the road some place, at some time,
listorians are going to look back on the Fossil-Fuel
\ge just like we look back on the Stone Age, the Bronze
\ge, and the lron Age. My hope is that we, as geolo-
jists, will be able to furnish enough fossil-fuel en-
.rgy so that the transition out of the Fossil-Fuel Age
nto some other yet possibly unknown, unthought-of,

.ge will be an orderly transition; that the human so-
iety, as we know it, will be able to survive that
ransition from the Fossil-Fuel Age to some other.
.ee coal providing some of the energy to drive and to
‘uel that transition.

What are some of the problems as we go out of the
‘ossil-Fuel Age? Certainly, Project Independence was
in attempt by one governmental agency to give us a
ylueprint and to tell us how we might be able to get
)ut of the Fossil-Fuel Age alive. Of course, everyone

doesn't agree with their blueprint, and many people
have contended we should change certain parts of the
blueprint. Obviously, many parts of the blueprint are
just not attainable. There is no way that it could be
totally achieved, but ceftainly it is an indication of
the national and societal needs for energy over the
next decades and proposes one possible solution. What-
ever blueprint one might choose to solve society's en-
ergy problem must give coal a major role over the next
several decades.

Let's look at some of coal's competition. O0il and
gas has traditionally been cheaper, cleaner, and def-
initely advantageous over coal for many uses. However,
many serious problems constrict our reliance on oil
and gas. Many of you probably are aware that we re-
cently passed quite a milestone in oil and gas produc-
tion and consumption in America. We just recently
moved into the unenviable position where we are import-
ing more oil into the United States than we are produc-
ing. Over 50 percent of our total oil consumption is
now imported. That is quite a milestone in my mind.
But, notably, the only publicity | saw on it was back
on pages 17 and 27. To me, that fact should have made
front page headlines. The press' handling of that sig-
nificant information itself truly indicates the depth
of our problem. The Arab oil embargo affected us se-
verely when we were only importing somewhat less than
one-third of our consumed oil. | wonder what an em-
bargo will be like when we are consuming 75 percent
foreign oil.

Also, oil and gas are too precious to burn. The
current and future needs of society for petrochemicals
and lubrication are so great that | think it ought to
be a hanging offense to burn natural gas or fuel oil
to produce electricity. All people, of course, don't
agree, but | really think that if you look at the long-
range needs of society, it should be considered a crime
to burn natural gas and oil for electrical power.

Nuclear, of course, has many problems; some real
and some imagined. A combination of the two is going
to hold that competition down. O0il shale is seriously
affected by what | call the ''"Big Triple E'' - the prob-
lems of Economics, Environment, and Emotion. These
have been the subject of many specific meetings.

Coal, undoubtedly, provides a large part of the
answer to the energy dilemma, and is already under-
going increased demand. Each of you has your own fig-
ures in the back of your mind to document that increas-
ing demand. As an example, Gary Glass' predictions of
future coal production in Wyoming look like they are
almost asymptotic to the vertical axis as they are
plotted. One wonders if it is possible to actually
dig that much coal, but when one starts looking at the
facts and the figures, it's not only possible, it's



probable that coal production in Wyoming is going to
go through the roof. In Colorado, we likewise are
seeing a tremendous increase. Back in 1963, Colorado's
production was 3.7 million tons. In 1975, it was in
excess of 8 million tons. Predictions are similar,
though smaller in scale, to Wyoming's.

The most recent attempt to try to predict the
future was made by the Subcommittee to Expedite Energy
Development, Joseph B. Smith, Chairman (U.S. Bureau of
Mines), and the Socioeconomic Impacts of Natural Re-
source Development Committee, Russell W. Fitch, Chair-
man (U.S. Environmental Protection Agency), in their
publication, A Listing of Proposed, Planned or Under
Construction Energy Projects in Federal Region VIII,

A Joint Report (August 1975). These committees are
part of the larger Committee on Energy and Environment
of the Denver Federal Executive Board, Dudley E. Favor,
Chairman. This report indicates that 33 new coal mines
are planned and programmed for the state of Colorado.

A simple addition of their productive capacities comes
up with 36 million tons of coal production in Colorado
in the 1980-82 range. Even if these figures are accu-
rate by only a factor of 50 percent, they certainly
document the tremendous need for coal.

As geologists, we're going to have to provide the
leadership to find and produce this coal in a means
which is economically sound and which is environmental -
ly sound. We'll also have to provide some of the lead-
ership to strip that third '""E'" from the problem - the
Emotion. These questions then lead to this meeting.
Where are geologists going to develop the expertise
that is going to be needed? Most coal geologists are
retreads like myself. They didn't start out from
school as coal geologists - they started out as some-
thing else. Universities are not turning out coal ge-
ologists in large numbers. Probably only a handful of
geology departments in the United States turn out grad-
uates who would look upon themselves as qualified to
be coal geologists without a tremendous amount of addi-
tional work and training. Even if the universities
were now beginning to train coal geologists, the educa-
tional lag time to turn these people out is almost as
long as the lag time to develop a new strip mine. There

are very few specific courses in the universities, at
least in this part of the country, that are oriented
towards coal. Take stratigraphy as an example. Every-
body who is teaching stratigraphy, if they have any

industrial experience at all, related it to oil geology,

i i a smattering of mining. As a little ex
With p::stlZ | would like to see the hands of those
P eople h were trained as coal geologists in the uni-
SZ:E:iyw an when they left the university, acfﬁ:]L:nd

’ . H

planned on being a coal QEO'OQ'StAt ga:mngeminority.
Obviously, they certainly repfese i this meetin
So that is really the reason for having (meet! g.r
It is to provide a painless re?read ?rocess o unc
of old, broken-down oil geologists like mysel f, so tha
we can learn something about coal geology. ] .

| noticed this type of deficiency in myself and
my own staff. Last year, | spent what | thought was a
sizeable chunk of Colorado Survey budget money and sen
Keith Murray back to a one-week coal geology sh?rt-
course in West Virginia. Keith returned and said he'd
learned more about coal geology in that week than h?
thought he ever wanted to know. Regfetably, very lit-
tle of that meeting was closely applicable to Rocky i
Mountain coal geology. He didn't think he neeqeq to
know too much about Pennsylvania and West Virginia coa
geology, particularly in those Pennsylvanian rocks.
That discussion was the germ of the idea of having thi
meeting. Of course, kicking off a meeting or thinking
about it is an awful lot like a man's having a baby.
The conception and the initial idea is just a heck of
a lot of fun. Then, you turn the project over to somg
body else who goes through several months of labor and
pain to bring forth a meeting like this. Hopefully,
the parents of this offspring will all be proud, and
it will grow up to be a strapping young adult, or at
least adolescent, before the next few days have passed

The thrust of this meeting was to try to collect
the leading experts in their field, assign them a top
and ask them to share their knowledge with those of u
who aren't as experienced and maybe aren't as smart.
It was planned as an educational 'bootstrap'' operatiod

The turnout of the people that the committee in-
vited to talk to and with you has been excellent. Thy
participation in terms of numbers, in terms of the
distance that people were willing to come, in terms o
the broad spread of industry, academic institutions,
and governmental agencies from all over the country,
not only indicates the tremendous interest in Rocky
Mountain coal, but certainly ratifies our reasoning if
having this meeting. | trust that it will be success
ful, and that at the end of the meeting, my feelings
and your feelings will be as great as my expectations
are now.




~OAL PALYNOLOGY AND PETROLOGY

I

i:{OBERT M. KOSANKE: U.S. Geological Survey

y Denver, Colorado 80225

\BSTRACT:
‘investigations for many years.
Jnited States, Canada, and Europe is well known.

Palynological and petrological studies of coal have been closely related aspects of coal geological
The use of palynology to help resolve Paleozoic coal correlation problems in
The use of petrology to evaluate blends of coal to produce

‘netallurglcal coke of optimum quality is likewise well known.

More recently, both palynology and petrology have been used to evaluate oil and gas potential. Color

“Ande in spores and pollen grains, extracted by the maceration process, has been related to depth of burial

r thermal alteration.
4l D

Similarly, reflectance of organic matter can be measured and related to thermal alter-

In response to increasing demands for low-sulfur coal, emphasis has shifted from Paleozoic coal
lgpasnirs of eastern United States to the vast Mesozoic and Cenozoic coal resources of western United States.
“alyna’ oay undoubtedly will play a major role in solving geological problems encountered in these deposits.

-NTRODUCT ION

Henry Witham (1833) of England published some
rawlngs of organisms observed in thin sections of
annal coal. Witham was uncertain as to what these
‘rganisms were, but thought they were of plant origin
westelil., The organisms shown in one of Witham's
‘rawings and in Figure | are spores assigned to the
‘enus Densosporites. Species of this genus have been
-ap<:rLe:l from Devonian, Mississippian, and Pennsyl-
‘anian rocks from many places in the world. Franz
»chulze (1855) in Germany discovered that coal could
-e macerated using chemicals so that undamaged spores,
‘ollen grains, cuticle, resin rodlets, and other plant
-emains were recovered in the residue. The maceration
.ethod consists of two phases: the partial oxidation
-f coal and the dispersal of humic matter. The resis-
:ant plant debris is thus freed and can be isolated for
icroscopic examination. Oxygen from Schulze's solu-
;ion, which is a mixture of nitric acid and a saturated
jueous solution of potassium chlorate, can be used to
artially oxidize the coal, forming oxides of carbon,
ater, soluble acids, humic acids, etc. Other oxidi-
ing agents may be used but Schulze's solution is the
ost common. The speed of the reaction of Schulze's
>lution with coal can be altered by heat or by in-
reasing the concentration of the nitric acid. The
xidized coal is then washed with water to remove the
cid. In the second phase of the maceration process,
he partially oxidized coal is covered with a 10 per-
ent solution of potassium hydroxide; this phase results
n a release of humic matter (heavy brown liquid) and
n insoluble portion containing the preserved botanic
ngredients.

Paulus F. Reinsch (1884) reported on the oc-
urrence of organisms found in coal from Russia and
axony. He believed the organisms were of algal ori-
in, but Bennie and Kidston (1886) concluded in their
eport on the Carboniferous coals of Scotland that the
rganisms in coal were spores and not of algal origin.
urther, Bennie and Kidston reported the '"...traces

976, Symposiwm on the Geology
f Rocky Mowntain Coal, p. 1-7

of orginizaticn..." of Witham (1833) were likewise
spores. It is now well known that Bennie and Kidston
were correct, although the presence of algae in coals
subsequently became known. As a matter of fact, algal
coals or boghead coals as they are called, are known
from Alaska, Australia, France, Scotland, South
America, and United States. Another name applied to
algal coals is torbanite.

Figure 2 shows a thin section of a Pennsyl-
vanian coal from Illinois (Kosanke, 1951) in which
opaque attritus forms the matrix around a large algal
colony. These algae have attracted attention over
the years because the nature of their thick walls is
such that oil can be distilled. Blackburn and Tem-
perley (1936) have shown that algae of this type are
in fact identifiable with the modern species Botryococ-
cus braunii. This alga is widely distributed through-
out the lakes of United States. Traverse (1955) re-
viewed the occurrence of Botryococcus in lignite and
other Tertiary sediments and mentioned older occurrences,
including David White's (1906) report on the presence of

algae in oil shale of Ordovician age from lllinois.
Botryococcus is a fossil of considerable antiquity
whether or not is is present in the Ordovician of
I1linois.

Reinhardt Thiessen, in his work with the U.S.
Bureau of Mines from about 1910 to 1938, studied struc-
ture and correlation of Paleozoic coals. Thiessen
and his colleagues, during their early studies, re-
fined the coal-thln-sectlon method for petrographic
and palynological analyses. From these studies, to-
gether with carbonizing properties of coal, much
basic data were obtained. Thiessen (1918) suggested
the possibility of correlating coals by the presence
of characteristic exines. Thiessen and Staud (1923)
further discussed this topic; and Thiessen and Wilson
(1924, p. 20) concluded after a series of intensive
studies of coal thin sections from various coal beds
that, ""As a result of this investigation it has been
found possible to correlate each bed by means of spores
and other structures found therein.'" Thiessen and Wilson
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Fige 1 Thin section of the Reynoldsburg coal, Lower
Pennsylvanianof Illinois, with abundant specimens of
Densosporites (X440).

Fig. 2. A large algal colony of Botryococcus brawnii
in a groundmass of opaque attritus (X425) from a Penn-
sylvanian coal in the Abbott Formation of the McCor-
mick Group of Illinois.

(1924) characterized the Pittsburgh No. 8 coal by the

presence of the ''Pittsburgh' spore and the ''Pittsburgh'
megaspore. Thiessen (1932) referred the '"Pittsburgh' ’

spore to the "Pittsburgh' microspore for which Kosanke
(1943) proposed the formal name Laevigatosporites
thiessenii (Fig. 4-A). Today this species is known

as Thymospora thiessenii (see Wilson and Venkatachala,
1963). This spore is small, generally less than 25
microns in maximum diameter, with a thick, distinctive
spore coat and a monolete aperture. The ''"Pittsburgh''
microspore of Thiessen is indeed an abundant guide
fossil to the Pittsburgh No. 8 coal, but we now know
from Clendening (1974) and others that this species

is not restricted to the Pittsburgh No. 8 coal. It
occurs sparsely in other coals in this part of the
stratigraphic column. The work of Thiessen and his

associates demonstrated the use of coal thin sections

for petrology and palynology. Thiessen and Staud |
(1923, p. 20) reported, ''The spores may be Sep?fate
out of coal by digesting the coa! with schu!ze“s réag:
and subsequently treating with dl!ute ammonia. The
maceration method was known to Thiessen but §pparenﬂ
was not used extensively. Today the macefatlon Teth
is used in palynological studies because it permits
omplete specimens.
=i Ofwz hgve diszussed the maceration method wused
extract plant microfossils from coal, but not the
collection and preparation of samples. Coal cores ar
ideal samples when they are available and are cut in
half with a carborundum saw (dry). A small segment
of one-half of a core (Fig. 3) is cut off the entire
length of the core. This complete ribbon or bed-
profile sample is subdivided into bench samples,
usually not more than 12 in. (30 cm) in length
(Fig. 3). The remaining portion of this half of the
core can serve as a reserve sample or be used for
petrographic analysis. The other half of the core
can be used for chemical analysis. Collection of aut
crop samples (Fig. 3) should be a continuous ribbon
or bed-profile sample. It is often necessary to re-
duce the size of these samples for maceration, and th
can be accomplished through the use of a riffle.

Our primary Paleozoic coal resources are of
Pennsylvanian age. Coal of Devonian and Mississippia
age is not very common, although it can provide im~
portant information about past plant life. Pennsyl-
vanian rocks, according to Wanless (1969, p. 294-297)
are widely distributed on the North American continan
from Ellesmere Island in the north to southern Mexicn
and central Guatemala on the south. The eastern

OUTCROP
SAMPLE CORE SAMPLE
— .i —
e R e
X—SECTION
B e,
=T C |=m———— {
I'
T
D
E
| E= - F ————=——

Fig. 3. Procedure for collection of Palynological

samples from outcrops and diamond drjll cores Six
samples (A-F) are collected, and the coal sam.l

(B, D, and E) are riffled to reduce -
to the proper amount for maceration,
of samples from a core is obtained by

core in half and then slicing off 3 pa
(black), A continuous ribbon of coal
sample is macerated., For additiona)

sampling coal beds, see Schopf (19¢0)

the sample size
A similar set
Cutting the ]
rt as shown
.Or a bed-profil
'”formation o




COAL PALYNOLOGY AND PETROGRAPHY

A.=-Thymospora thiessenit

Spores and pollen grains from Mississippian, Pennsylvanian, and Permian rocks.
:710), B.--Rotospora fracta (x710), C.--Tripartites vetustus (X710), D.--Densosporites irregularis (X710), E.--
it ), F.--Punctatisporites sinuatus (X450), G.--Thymospora pseudothiessenii (X710), H.--

g. 4.
| .--Laevigatosporites ovalis (X710), J.--Vittatina costabilis (X710), K.-- Hamia-

randispora spinosa (x450
inidulus diamphidios (x710), ' . :
s1lenites perisporites (X710), L.--Schopfites diamorphus (X450), and M.--Pityosporites communis (X710).
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margin of Pennsylvanian rocks is in Nova Scotia south-
ward through Canada to Boston and Narragansett basins
in Massachusetts and Rhode Island to the Appalachian
basin from western Pennsylvania to Alabama. Pennsyl-
vanian rocks occur westward to Nevada and California,
with isolated occurrences in Oregon, Washington, and
western Canada. Wanless (1969, p. 296) reported that
the thickness of Pennsylvanian rocks varied from a few
feet to 25,000 ft (a few meters to 7,500 m). Penn-
sylvanian coals are largely confined to eastern United
States. A few coals of Permian age are known but they
are not of much commercial importance.

DISTRIBUTION AND APPLICATION OF SELECTED PALEOZOIC
PALYNOMORPHS

The use of palynology for Paleozoic coal
correlations in United States, Canada, and Europe is
well known. Knowledge of its usefulness is based on
information gathered for the most part during the
past 25 to 30 years. As a result of this accumulation
of data, it was possible to postulate, for a recent
lecture, selected palynomorph range zones for a new
coal program in the state of lowa. This is something
that could not have been attempted 25 years ago. The
reason coal correlations are possible results from
the fact that, thoughout geologic time, changes in
plants occurred that are reflected in their recover-

.able spores and pollen grains. These changes with
geologic time are sometimes rapid and sometimes slow.
As a consequence, some coals are characterized by
significant changes in their spore-pollen assemblages,
whereas other coals can be identified only with great
difficulty.

A few Mississippian guide spores and pollen
grains are Tripartites vetustus (Fig. 4,C), Rotaspora

fracta (Fig. 4, B), and Grandispora spinosa (Fig. 4,E).

Tripartites vetustus is a radial, trilete spore having
concave interradial margins and prominent auriculae
that are fluted or folded and widest at the radial
margin. Rotaspora fracta is a radial, trilete spore
having a more or less triangular body which is con-
cave or convex interradially with a zona which is
narrow radially and broad interradially. Grandispora
spinosa is radial and trilete, with a central body
enclosed by a bladder having numerous spines.

Two species that span the Mississippian-
Pennsylvanian boundary are Schulzospora rara (Fig.
7,A) and Densosporites irregularis (Fig. 4,D).
Schulzospora rara is radial, trilete, and elliptical
in outline. The body is spherical and surrounded by a
bladder, and both body and bladder have a punctate
sculpture. Densosporites irregularis is radial and
trilete, and the body is surrounded equatorially by
a dense cingulum which thins irregularly toward the
margin, having the appearance of spokes of a wheel.
Perhaps the next species should be included with the
previous two, because it has been reported from
Mississippian and Pennsylvanian strata, but | have
observed it thus far only in Pennsylvanian rocks.
This is Punctatisporites sinuatus (Fig. 4,F), which
was originally described by Artiz (1957) from Turkey.
Trinidulus diamphidios is an unusual species origin-
ally described by Felix and Paden (1964) from Lower
Pennsylvanian rocks of Oklahoma and Texas. This
species (Fig. 4,H) has been observed in a roof shale
of a coal bed in the Pennsylvanian part of the Lee

Formation of eastern Kentucky. Lycospora pseudO—

amulata is a radial, trilete spore with an equatr
structure (cingulum). This species is prese?ZdTO e
or less continuously from Mississipplan to Mi e

Pennsylvanian time. )
Bilateral, monolete spores are common In man

Pennsylvanian coals, and Laevigatospori?es ovalts
(Fig. 4, 1) will serve to illustrate this type of
spore. In the space available.lt is not possible to
do more than paint a picture with a broad brush.
Kosanke (1950) described a new genus frow the Col-
chester (No. 2) coal and named it Schogfltes: The
type species, S. dimorphus (Fig. b,L) is radial, is
trilete, and has dimorphic ornamentation; that is,
different types of ornamentation on proximal and dis
tal surfaces of the spore. It also has a restricted
range zone, being found in a narrow band of Middle
Pennsylvanian coals, and thus has valge for‘gorre-
lation purposes. Thymospora pseudothiessentt (Fig.
4,6) is similar to T. thiessenii (Fig. 4,A) but is
significantly and consistently larger and occurs in
Middle rather than Upper Pennsylvanian coals.

T. pseudothiessenii has a reasonably short range zon
in coals. It is restricted to a zone from just belo
the Colchester (No. 2) coal and ends at about the De
Moinesian-Missourian boundary. It is at about this
time that the lycopsids decline and pteridosperms or
seed ferns and gymnosperms increase. Piltyosporites
commmis (Fig. b,M) is morphologically similar to mo
pine pollen, even to the distally inclined bladders.
Pityosporites is present in Pennsylvanian, Permian,
and younger rocks.

In the Permian Period many more changes in
the spore-pollen assemblages are obvious. Only two
such changes will be mentioned here. Striate uisiairs
pollen grains are now common, and a special taxon of
this type is Hamiapollenites (Fig. 4,K). The groove
or striations are on the proximal surface and the re
tively small bladders are not distally inclined.
Vittatina costabilis (Fig. 4,J) is a common Permian
taxon having grooves or striations on the proximal
surface and one or more distal bands. Morphological
Vittatina is similar in some respects to Welwitschig
a rare modern xeric gymnosperm.

The practical application of the use of guid
fossils has resulted in numerous coal correlations,
and two examples will be mentioned here (see Kosanke
1974, P. 12-19). The first example is the correlati
of the Princess No. 6 coal of northeastern Kentucky
with the Lower Kittanning coal of Ohio, Pennsylvania
and West Virginia. Wanless (1939, p. 72) correlated
the Colchester (No. 2) coal of Illinois with the L
Kittanning coal, and although there are some minor
palynological differences between these two coals,
a correlation seems reasonable. A palynological ¢
parison of the Princess No. 7 coal from eastern Ken
tucky with the Middle Kittanning coal of Ohio, Penns
vania, and West Virginia suggests a correlation be-
tween these two coals.

or i

DISCUSSION OF SELECTED PALEOZOIC AND MES0ZOIC PLANTS

Along with increased interest
spore-pollen assemblages from coals,
commensurate interest in fructificati
organs that originally produced the s
grains. These fructifications may oc

in Pennsylvani
there has been
Ons or the plan
Pores and poll*
Cur in coal bal
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A PEEL OF A CROSS-SECTION OF TREE FERN FROM AN ILLINOIS COAL BALL

Psaronius sp.

AGE - PENNSYLVANIAN

VB = VASCULAR BUNDLES (CENTER)

LT = LEAF TRACES (HORSESHOE-SHAPED STRUCTURES )
IR = INNER ROOT ZONE (SMALL ROUND STRUCTURES)
OR = OUTER ROOT ZONE (LARGER STRUCTURES)

j. 5. Coal ball peel of a portion of a tree fern (Psaronius sp.) from an Upper Pennsylvania coal of Illinois
yout eight=tenths natural size).

they may be preserved as compression fossils. The
ores or pollen grains described from fructifications
e sometimes indistinguishable from some of the
spersed spores and pollen grains isolated from coals.
is suggests a relationship of these dispersed units
specific fructifications. A Middle Pennsylvanian
wdscape might consist of an abundance of Lepidoden-
on, sigillaria, and Cordaites, followed by various
rns, seed ferns, Calamites, and Sphenophylluwn,
<ing a mixture of arborescent and herbaceous plants
3t have contributed to our coals.

How do we know what these plants looked 1ike?
npression fossils found in roof shales and iron-
one concretions are helpful and have provided much
“ormation. Coal balls, formed in coal, provide
:h important information on the anatomical detai's
these plants. These coal balls or concretions are
:en largely composed of calcium carbonate; or, in

IJII]IIJI

ne instances, they are siliceous. Coal balls are 1 om

-, ground smooth, etched with acid, and covered with

-lodion or an acetate film. When dry, the parlodion Fig. 6. Calcareous filling of a Cardiocarpon sp. seed
acetate film can be peeled off the coal ball, re- from within a Middle Pennsylvanian coal of eastern
/ing a thin layer of plant material in the process. Kansas.

jure 5 is a photograph of a peel of an Upper Pennsyl-

vian coal ball from Illinois. This coal ball is

wortion of a stem of a tree fern named Psaronius. The Triassic and Jurassic plant record re-

. vascular bundles, leaf traces, and inner and outer veals a vastly different scene from that of the Penn-
't zones are preserved. Calcareous fillings of sylvanian Period. The major contributors to Lower and
‘diocarpon seeds (Fig. 6) were commonly observed Middle Pennsylvanian coals, the lycopsids, are reduced
m within a Middle Pennsylvanian coal of eastern in number and importance; they are replaced by the

sas some years ago. The hard outer seed layers sphenopsids, ferns, seed ferns, and gymnosperms, in-

ear to have been coalified. cluding the cycads and Araucariozylon ariaonicum.
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Araucarioxylon, a large arborescent tree, is a prom-
inent member of the petrified forest of Arizona.
Passing through much of the Mesozoic, or age of gymno-
sperms, to the Cretaceous Period, the plant record con-
tinues to change because of the presence of flowering
plants or angiosperms mixed with gymnosperms, ferns,
and a minor amount of other plants. The presence of
angiosperms heralds a significant change in the vegeta-
tion during Cretaceous time; along with this change,
angiospermic residues (pollen and other plant re-
mains) become a significant part of the coals of
western United States during late Mesozoic and Ceno-
zoic time.

RESEARCH ON ENERGY RESOURCES OF WESTERN UNITED STATES

With increased demand for low-sulfur coals, we
will see further development of these western coals.
The question to be answered is '"Will we be prepared
to provide the necessary geologic information for
maximum utilization of our energy resources?' The
palynological investigations of Tschudy (1971), Lef-

fingwell (1971), and many others will undoubtedly be
most helpful in understanding the vegetative history of
these western coals and will aid in correlation

studies. Work on the petrology of our western low-
sulfur coals has not kept pace with the palynological
studies until recently, when studies on thermal alter-
ation of organic matter were undertaken. Coal petrolo-
gists have known for many years that in the coalifi-
cation process, as coal advances in rank, spores and
pollen grains change color from light yellow to
orange to reddish brown, etc. The process of vari-
able coalification is discussed in detail by Schopf
(1948) . In our search for energy resources, the
application of such information becomes a useful tool
to locate liquid energy. Burgess (1974) indicated
that the color of organic matter extracted from rocks
correlates with the fixed carbon content. Hacquebard
and Donaldson (1970) in Canada, and Wilson (1961),
Bostick (1971), and others from the United States are
seeking answers along these lines. |In addition, Ep-
stein (1976) has discovered that a similar color
change occurs in conodonts.

| have been working on a project with Forrest
Poole of the U.S. Geological Survey, Denver, concerned
with thermal alteration of spores, pollen grains, and
other organic matter in western Paleozoic rocks as
evidenced by color changes. Schulzospora rara (Fig.
7,A) from Mississippian rocks of western United States
is in the orange color range and has a fixed carbon value
of 50 to 55 percent. Another specimen of this same
species (Fig. 7,B) from Mississippian rocks of western
United Statesis dark brown to black in color, indi-
cating a fixed carbon content of 65 percent or more,
which suggests that these rocks have little or no
petroleum potential.

SUMMARY

Palynology and petrology have a contribution
to make in exploration of our western energy re-
source rocks. This may be in the form of coal corre-
lations, coal resource evaluations, study of coal and
other rocks to understand unusual mineral distribution
patterns, paleoenvironmental assessments of potential

Fig. 7. Schulzospora rara from Mississippian rocks

western United States. A.--Specimen is clearly tra
lucent in the yellow to orange range (%7'0)- Bo==
Same species from different Mississippian sample;

this specimen is in the dark-brown to black range., |_

source rocks for various commodities, and other ar
Whether or not we are wise enough to utilize the 1§
available in our search for energy resources, only
time will tell.
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Fossil plant in Vermejo Formation (Paleocene age), Canon City coal field

Fremont County, Colorado



ROBERT J. WEIMER:'  (Colorado School of Mines

Golden, Colorado 80401

ABSTRACT:

accumulated in coastal plain and alluvial environments.

two general types:

STRATIGRAPHY AND TECTONICS OF WESTERN COALS

The Cretaceous and Tertiary strata of the Rocky Mountain region contain extensive coal deposits that
The common swamp and marsh environments of Zn situ coal
are channel margin swamps, coastal marshes, and channel-fill

swemps. Channel margin coal environments are of

(1) areally restricted back-levee swamps that parallel channels and also are the site

a deposition of light-colored leached kaolinitic claystone; and (2) more extensive flood basin swamps which are

commonly associated with lacustrine deposits.
organic material, can be found

Thin lenticular coals, derived from the accumulation of transported
in both nonmarine and shallow marine environments.
The critical factors necessary for the formation of commercial thicknesses of coal are:

(1) fresh,

clear water; (2) accumulation of land-derived organics only, (3) balance between ground water table and depositional
interface; (4) favorable climate; and (5) persistance of conditions in time and space, and a favorable basin-wide

and/or local tectonic influence on sedimentation.
plain depositional environments.

These conditions are most commonly found in alluvial and delta

The occurrence of penecontemporaneous (growth) faults may influence swamp environments and control the

thickness of peat accumulation.

thickness. The lateral continuity of coal

INTRODUCTION

Coal resources in the Rocky Mountain region
are one of the great energy reserves in the world.

Coal occurs in rocks of Cretaceous and early Tertiary
age spanning the time interval from 95 to 50 million
years b.p. Despite mining activities for more than

100 years, details of the sedimentology of coal are not
well known. When thick low-rank coals are strip-mined,
the geology may be relatively unimportant in exploration
and development. But in the more common exploration
programs for coal beds 3 to 8 ft thick, geology be-
comes extremely important in understanding the control
on thickness variations and areal distribution. This
paper discusses four aspects of the geology of western
"coals: 1) factors controlling the formation of commer-
cial thicknesses of coal; 2) modern environments of
peat accumulation; 3) environments of deposition of
fwestern coals; and 4) tectonic influence on coal thick-
;ness in the Denver basin.

Cretaceous coals were deposited in a paleo-
geographic setting along the western margin of an ancient
sea that spanned the Western Interior of the North Ameri-
can Continent (Fig. 1). Coal swamps formed on coastal
plains between highlands in the Cordilleran region and
the marine basin on the east. Rivers discharged into
the marine basin, forming large deltas. Figure 2 shows
the regional paleogeography for the Late Cretéceous
and the location of the major rivers. Shorellng move-
ment along the western margin of the marine bas[n was

dominantly regressive--a response to larger sediment
input than rates of basin subsidence w?uld accomm?date
(Fig. 3). However, the overall shoreline regression

1976 Symposiwn on the Geology

>f Rocky Mowntain Coal, p. 9-27 9

Detailed geological and geophysical
the Denver basin indicate two types of growth faults are present in an Upper Cretaceous deltaic sequence:
seated basement faults, and (2) shallow-listric normal faults.
mentation in the coal-bearing Laramie Formation and determined whether or not the coal beds are of commercial
in the Laramie is interrupted by growth faults, with most of the
minable thicknesses of coal occurring only in graben structures.

investigations along the west margin of
(1) deep-
The latter type was a primary control on sedi-

was interrupted periodically by widespread transgres-
sions of the shoreline. The resulting major trans-
gressive and regressive cycles are indicated on

Figure 3. The eastern terminus of each of four major
regressive cycles is shown on Figure 2. Coals are nor-
mally found just inland from still-stand positions
where thick shord ine sandstones accumulated. Although
the nonmarine coal-bearing facies may be thousands of
feet in thickness (Fig. 3), the coals of commercial
thickness are normally found within the first 100 ft
of nonmarine section above marine shale and sandstone
deposits.

Beginning in the Late Cretaceous and continu-
ing throughout the Paleocene and Eocene, the Laramide
orogeny broke the region into uplifts separated by inter-
montane basins (Fig. 4). The stratigraphic setting
of the lower Tertiary coals is related to fluvial systems
draining across the fresh water dominated intermontane
basins. The outlines of these fluvial depositional
basins are similar to the outlines of the present day
structural basins.

Factors Controlling the Formation of Commercial Coal

The explorationist should ask the following
questions about the geology of any coal deposit:
(1) Where is coal located stratigraphically? (2) What
were the environments of deposition that favored the
development and preservation of peat? (3) What is
the coal thickness and why did the peat accumulate to
a sufficient thickness to form a commercial coal?
(4) What is its rank and grade? (5) How deep is it?
(6) What is the structure (steep or low dip)? (7) What
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Fig. 1. Map of Cretaceous basin of deposition in
which coals were deposited (after Gill and Cobban,
1966)

are the thickness and lithology of the roof rock?
The following discussion is presented to provide an-
swers to the first 3 questions about Cretaceous and
Tertiary coals.

In both the Cretaceous and lower Tertiary, coal
is a common lithology, but it represents only a small
percent of the total stratigraphic sequence. Shale,
siltstone, and sandstone are dominant lithologies.
of prime importance is not just the occurrence of
coal, but the geologic factors that controlled the
development of commercial thickness of coal, i.e.,
coals with a quality and thickness to make mining an
economic possibility at the present time, or in the

near future.

For the western coals a number of constraints
can be identified that must be satisfied in order to
have a commercial coal bed (Table 1). First, the peat
must accumulate in dominantly fresh, clear water en-
vironments. Clear water is very important because if

muddy water containing abundant suspended clay 'Z
carried to the depositional site, the resulting depc
will form carbonaceous shale or coal of poor quality
Peat swamps form in topographically low areas where
ground surface is below the groundwater table, hence
they are continuously covered by water. They must b
isolated from river waters or tidal channels, becaus
Cretaceous and lower Tertiary depositional models in
dicate that these channels carried a high suspended
of clay and silt.

A second constraint is the accumulation only
of land-derived organics. No evidence has been pre-
sented to substantiate a significant contribution to
western coals from marine or brackish water plants,

Third, the balance between the groundwater
table and the depositional interface is extremely im
portant. This relationship will be discussed in det
in a later section. |If organic matter comes in cont;
with the atmosphere because of a drop in the level
of the ground water table, the organics will be oxi-
dized and little or no peat will accumulate. If the
groundwater table is too high, a lake or bay forms g
the swamp vegetation cannot grow. Therefore, a deli-
cate balance must be maintained between the deposi-
tional interface and groundwater table.

Fourth, a favorable climate for the high pro-
ductivity of vegetation must be present. The Jurassi
was a time of dry desert climate in the Western In-
terior. A sub-tropical to tropical climate develope(
sometime in the Early Cretaceous and persisted until
near the end of the Eocene. During the mid- to late
Tertiary, a drier climate returned. Thus, for about
45 million yrs the climate was favorable for the prof
lific accumulation of organic matter in swamps.
Coleman and others (1970) report an overall accumu-
lation rate of 0.33 ft of peat per century in a larg
fresh water swamp on the Klang-Langat delta of Malay;
The maximum rate was 20 ft of peat in about 4500 yrs.
Similar rates of peat accumulation are likely to haw
occurred in the Cretaceous and early Tertiary.

Fifth, the persistance of the above conditio
in time and space is essential to develop thick amlw
This factor is sometimes difficult to evaluate from |
study of modern swamps and marshes and even more dif
cult in ancient sequences. Coal thickness is a func
tion of many variables; however, the influence of
tectonics on sedimentation is a largely overlooked,
but extremely important factor in the development of
thick coals. |If the above constraints are accepted,
thick Cretaceous and lower Tertiary coal beds requird
a delicate balance between rates of peat accumulatio
and rates of subsidence. Even thin coals are sensi-
tive indicators of a local or regional tectonic in-
fluence on sedimentation. |f a conversion factor of
5 ft of peat compacting to |1 ft of bituminous coal i
used, a 5 ft thick coal bed must have formed from 25
ft of peat. Ting (1972, p. 24) reports a compressio
factor of 4.3 in a study of a Paleocene lignite in
North Dakota.

MODERN ENVIRONMENTS OF PEAT ACCUMULATION

Modern peat accumulates ip a
deposition environments. Research
by many workers indicates that the
of the Cretaceous and Tertiary accy
and delta plain environments.

3 wide range of
N recent years
Commercial coals
For ::;ated in alluvi
sake of breyit
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Fige 4 Map showing major intermontane basins of
Rocky Mountain region in which Cretaceous and Tertiary
coal-bearing strata are present (after Weimer, 1960).
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Fig. 5. Major physiographic components of an
alluvial-delta system (modified after Gagliano and
Mcintire, 1968).
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Table 1. Factors controlling formation of commercial

thickness of coal.

only the important processes relating to peat accumu-
lation in these environments are considered, and discus-
sion is omitted of the peat-forming environments of
modern coastal plains which are judged to be of lesser
importance in the origin of western coals.

The terminology most commonly used for the
different components of modern alluvial--delta systems
is shown on Figure 5 (Gagliano and McIntire, 1968).
Frazier and Osanik (1969) describe Holocene peat de-
posits of the Louisiana coastal plain which are gener-
ally associated with shifting deltaic lobes of the
Mississippi River. Coleman (1966) discusses the
depositional environments of peat associated with fresh-
water clays in the Mississippi River alluvial valley.
From these and other papers, the processes operating
within the lower alluvial valley and upper delta plain
(Fig. 5) seem the most likely ones to produce the
thick peat accumulations necessary to form commercial
coal. The channel-margin and flood basin (marginal
basin) sub-environments are the loci of peat deposi-
tion.

Depositional processes operating on the margin
of a large active river are summarized on Figures 6
and 7. Vertical levee growth occurs when fine sand,
silt, and clay carried in suspended load are deposited
during the time the levee is submerged during the high
floods. Repeated flooding, with accompanying deposi-
tion, results in the channel and levee system standing
topographically above the flood basin of the river.
Swamps form marginal to the levee and lakes or bays may
develop further into the flood basins.

Two types of swamps--poorly drained and well
drained--have been reported in the channel margin area
of the modern Mississippi River by Coleman (1966).

The type of swamp is controlled by the level of the
groundwater table in relation to the depositional
interface. When the river floods and the groundwater
table rises in the channel margin area (Fig. 6), the
depositional interface is covered by water in the en-
tire swamp area. During dry periods, the river level
and groundwater table are lower and water drains from
the topographically high well-drained swamps. Water
continuously covers the topographically low, poorly
drained swamps. |In areas where the groundwater table
is too high above the deposition interface to permit
abundant growth of vegetation, the swamps give way to
lakes or bays. Under favorable conditions, poorly
drained swamps may extend over large areas of the flood
basin and widespread layers of peat accumulate.

The position of groundwater table relative to
the depositional interface is critical in the preser-
vation of organic material. In the poorly drained

1. FRESH, CLEAR WATER
2. ACCUMULATION OF LAND-DERIVED ORGANICS ONLY

3. BALANCE BETWEEN GROUND WATER TABLE AND DEPOSI-
TIONAL INTERFACE

L4, FAVORABLE CLIMATE
5. PERSISTANCE OF CONDITIONS IN TIME AND SPACE

(TECTONIC INFLUENCE ON SEDIMENTATION)
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Fige 6. Environments of deposition and processes
occurring in channel~-channel margin areas (after
Weimer, 1973).

Fig. 7. Relationship of crevasse splay to other
channel margin environments (after Weimer, 1973).

Table 2. Major environments of deposition of peat
during Cretaceous and Tertiary.

IN-SITU COAL
1. CHANNEL MARGIN
BACK-LEVEE SWAMPS
FLOOD BASIN SWAMPS
2. CHANNEL-FILL SWAMPS
3. COASTAL SWAMPS (OR MARSHES)
TRANSPORTED COAL

swamps where organic material accumulates rapidly and 4

depositional interface is continuously covered with wa
little oxidation occurs and peat forms. However, in '
the well-drained swamps the accumulating organic materi.
al is exposed to the atmosphere for several months a
year, which is adequate time to allow.for oxndat[oqam
removal. If clay is present, alteration Fo kaolinite
may occur, and pyrite may change to siderite, or to on
of the iron oxides.

The above processes are illustrated on Figures
6 and 7. Breaks in the levee, or crevasses, result in
the suspended load of the river being carried into
swamps, bays or lakes, and small crevasse-splay deltas
(or lacustrine deltas) are formed. |If a major channel
is cut off by avulsion and detrital sedimentation
ceases, poorly drained swamps may rapidly expand, re-

sulting in the deposition of peat over all other types
of deposits. Light-colored kaolinitic, leached clays
deposited in well-drained swamps may then form the und
clay or seat rock of a peat bed, a condition commonly
.observed with the Cretaceous and Tertiary coals. This
relationship may be important in identifying an an-
cient coal as a channel-margin coal associated with wel
drained back-levee swamps.

All depositional systems must operate in time
and space. The alluvial-delta system has two major
phases of activity (Fig. 5 and 8). Sedimentation
occurs when the trunk channel and distributary channels
are under active flow. An inactive phase develops
when avulsion, or river cut off, occurs and the center
of sedimentation shifts to another portion of the dehﬁ
plain. The development of delta lobes through pro-
gradation and distributary abandonment are illustrated
by Frazier and Osanik (Fig. 8). The occurrence of pe
in this framework is illustrated both in the active
and inactive phases of detrital sedimentation. By
alternation of these processes, cyclic sedimentation
occurs, a condition commonly observed in coal-bearing
sequences of the alluvial-delta setting.

COMMON ENVIRONMENTS OF WESTERN COALS

From recent work by students and myself in
several of the major coal basins of the Rocky Mountal
region, and from published work of others, the commen
environments of western coals can be identified (Tablt
2). The two major categories are in-gitu coal and
transported coal. In-situ coals formed in place in
swamps and marshes as evidenced by underlying root
zones. These coals are of primary interest in coal
exploration. Transported coals formed from com-
paction of organic material that was transported by
water from swamps or marshes to another depositional ]
site. These coals do not have associated root zones,
are thin with limited geographic distribution, and
generally are not of economic interest.

In-stitu coals form largely in three environ-
ments (Table 2). The most important for the western
coals are back-levee or flood basin (marginal basin)
swamps that form marginal to a leveed channel. Back-
levee swamps are generally linear and parallel to the

Fig. 8. Relationship of peat occurrence to delta processes during active and inactive phases of detrital di-
mentation in Mississippi Delta region (after Frazier and Osanik 1969). Published with permission 2f ;h: G:zlégia

Society of America.

———
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channel. These swamps may expand to form a much
larger swamp occupying much of the flood basin portion
of an alluvial valley or upper deltaic plain. These
conditions are believed responsible for geographically
widespread coal beds, especially in the lower Terti-
ary.

A common depositional environment for western
coals is the channel-fill swamp. When river meander
loops or distributary channels are abandoned, lakes
develop which are filled with fine-grained clastics,
normally derived from the adjacent levees, but also
from occasional flooding from the main trunk of the
river. As a last stage of channel-fill, when water
depths become shallow, swamps may form and peat ac-
cumulates. This process is well known from studies of
""oxbow'' lakes in modern river systems, e.g. False
River north of Baton Rouge, Louisiana. Thin coals
deposited in this environment are sinuous to arcuate in
outline and are normally less than one-half mile in
width and a few miles in length. This stratigraphic
setting of coal can often be recognized by the verti-
cal sequence of active channel fill sand, abandonment
fine-grained channel fill, and overlying thin coal.

One of the most commonly cited depositional
environments of Cretaceous coals are coastal swamps
and marshes interpreted to be associated with lagoons.
This concept is illustrated by Young's (1955) work in
the Book Cliffs of Utah and Colorado. This work has
led some authors to speak of ''lagoonal coals,' which
is a poor descriptive term. By definition, a lagoon
is a saline body of water under tidal influence in-
land from a shoreline. |In the Cretaceous, tidal
currents are believed to have carried a high suspended
load of clay. Therefore, any swamp or marsh under the
influence of tides would have had clay deposited with
the accumulating organic material, conditions which
would give rise to carbonaceous shale or impure coal.
Further, paleobotany does not indicate any signifi-
cant contribution of saline-tolerant plants to Cretace-
ous coals.

Donaldson and others (1970) described peat
associated with the modern Guadalupe delta now filling
San Antonio Bay (lagoon) along the central Texas
coast. The peat is deposited on the delta plain por-
tion of a lagoonal delta, and it is related to pro-
cesses similar to those described above for large
alluvial-delta systems. In referring to coals in this
setting, | believe the correct terminology should be
lagoonal-delta coals, not lagoonal coals. Cretaceous
coals deposited in these environments tend to be thin
and generally non-commercial.

COAL IN THE WEST-CENTRAL DENVER BASIN
Environments of Deposition

Coal occurrences in the west-central portion
of the Denver basin are believed to be typical of many
of the Cretaceous coal fields in the Rocky Mountain
region. Recent studies have defined the environments
of deposition of the coals and the tectonic influence

WEIMER

on coal thickness (Weimer, 1973, ‘9762 Davis, 1?7:'
1976, Rahmanian, 1975). The area of investigatio X
is shown on Figures 4 and 9. The coals occur in the
Laramie Formation of the Cretaceous Maestrichtian Stag
(Fig. 10). . .

’ The structural setting of the coal fields is
shown by the tectonic and geologic map (Fig. 9). Basin
controlled faults separate the uplifted block of the
Front Range, with Precambrian rocks exposed at the
surface, from the down-dropped Denver basin block to
the east. Low-dipping Upper Cretaceous and Paleocene
strata are exposed at the surface in the Denver basip,
A deformation zone, which is 2-4 mi wide and contains
steeply dipping Paleozoic and Mesozoic strata, separat
the two major crustal blocks. Thus, the mountain
flank structure is largely fault controlled. Coal
has been mined from the Laramie Formation along the
mountain flank and within the Denver basin (Fig. 9).

The first movement of the Front Range crusta

block during the Laramide orogeny is believed to have
been about 70 my ago (Weimer, 1973). The uplifted
block rose out of the Pierre sea and, once above sea
level, rivers eroded Cretaceous sediment from the
land area and deposited the detritus in several small
deltas (Weimer and Land, 1975, Fig. 11). The thick-
ness and distribution of sediments were controlled by
recurrent fault movement (growth faulting) along
faults extending to the Precambrian. This basement
faulting controlled the location of a depocenter,
associated with an alluvial-delta complex, in the
Golden--Boulder area (Fig. 9).

The depositional setting for the coals of
the Laramie Formation have been described in detail
(Weimer, 1973, 1976; Weimer and Land, 1975). The
Laramie Formation consists of sandstone, siltstone,
claystone, and coal deposited on a.delta plain. The
relationship of facies, formations, and environments
of deposition is shown on Figure 12. By eastward
progradation, the vertical sequence developed as in-
dicated. Lithologic variations in the coal-bearing
portion of the Laramie, interpreted from surface and
subsurface studies, are shown on Figure 13.

Excellent exposures of the Laramie Formation
are present in the Golden area, where kaolinitic clays
are mined for the manufacture of brick and tile.
These exposures are typical of the Laramie along the
mountain front. The formation can be divided into
two units. A lower unit contains about equal quanti-
ties of sandstone, siltstone, claystone, and thin
coal beds, and varies from 150 to 250 ft in thick-
ness. An upper unit of dominantly claystone, with
minor beds of sandstone and siltstone, varies from 200
to 800 ft in thickness, with the thicker sections
being in the subsurface. Thickness of individual
sa?dstone and claystone beds varies from 20-40 ft
(flg. 13). The sandstones are light gray to buff,
ffne- to coarse-grained, poorly sorted, subangular,
silty, and contain grains of black chert, clay, mica,
g L
in the lower bare g Y contain abundant clay clasts
neding an co:r . rain size decreases upward from.

se to fine. Trough cross-stratification

Fig. 9.

basement faults.
for formations are indicated on Fig. 10.

Tectonic and geologic map of Golden-Boulder, Colorado, area (modi
Seismic faults are shown by heavy lines; light lines are major surface or faults found
Boulder-Weld coal field is outlined by line with circles;
G = Golden fault; B. M. - Basin Margin fault.

—

fied after Davis and Weimer, 1976).

In coal mines. B indicates
Leyden Mine by line with x's., Symbols
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with sets as much as 8 in. thick, is common in the lower
part of the sandstone units, and ripple lamination is
prevalent in the upper part. Large-scale load casts
are common along the contact of the sandstone units
with underlying claystone. The bases of the load casts
have a bulbous shape 10-50 ft across, and claystone

has been pierced vertically as much as 10 ft. Con-
centrations of log imprints are present along the base
and within the sandstones. The logs average 12 in.

in diameter and are commonly 10-20 ft in length.
Directional studies of cross-stratification, orienta-
tion of logs, and clay clast imbrication indicate an
east-southeast transport direction. Minor sets of
fractures, some with observable offsets of as much

as several feet, are present in the upper part of the
sandstone units.

The kaolinitic claystone units of the lower
Laramie contain several lithologies. Light- to medium-
gray, blocky-weathering claystone is the dominant 1itho-
logy, with lesser quantities of dark-gray to black
carbonaceous claystone and thin coal streaks. Sever-
al thin layers are shades of pink, light red, yellow,
and tan in color. |lron-rich concretionary siltstone
layers (ironstone) from one to four in. thick are
common. The claystone is generally structureless,
but in a few occurrences light gray claystone contains
conchoidal fractures with grooving and polishing simi-
lar to slickensides. These breaks are referred to as
''clay skins' and may be caused by expansion of roots
which were later removed by oxidation. Plant remains
in the form of leaf imprints and stem, branch and twig
impressions are common. Palm fronds were collected
when the clay mining was active in the area. The
color of the claystone is a function of the amount
of carbonaceous material present and the state of the
iron, reduced or oxidized. The claystone in the lower
Laramie is dominantly kaolinite of a quality suitable
for brick and tile.

The upper Laramie in the Golden area has an
outcrop thickness of 160-200 ft and is similar in
lithology to the lower Laramie, except that the sand-
stone units are much thinner (less than 15 ft thick)
and are finer grained. Coal and carbonaceous shale
is absent in the upper Laramie claystone. Some parts
of the claystone show fine laminations instead of
having a uniform blocky appearance.

The only fossils found in the Laramie Forma-
tion in the Golden area are plant or tree impressions
and root zones. Claystones from the Golden area were
washed and examined for foraminifera in the course
of this study, but none was observed. The Laramie
Formation in the Golden area is indicated to have a
fresh water origin.

To the north in the Boulder area, molluscan
faunas are reported from the lower Laramie by Spencer
(1961). Rahmanian (1975) reported trace fossils and
oysters in the lower Laramie southeast of Boulder,
suggesting brackish to marine water incursions.

The repetitive lithologies of the coal-
bearing lower Laramie are related to environments of
deposition (see Table 3). The coals mined in the
Golden and Leyden areas are interpreted to be de-
posits of back-levee, poorly drained swamps. The
light-colored and pink, kaolinitic claystones are
oxidized and leached deposits of the well-drained

R. J. WEIMER

swamps. Sandstones were deposited as ?revaisedzsl?ys
and in major river channels. The med i um- d:posits
gray, laminated claystones and shales are
nvironments.
of fake g;a?:yi: the Boulder area are interpreted.to
be back-levee (poorly drained swam?) or flood basin
deposits. The Boulder-Weld coal field appears t0l
be located on the north margin of the alluvna]-de ta
complex centered in the GoldenTLeyden area (Figs. 9
and 13). This interpretation is based on the ab-
sence of major channel sandstones and the presence
of intercalated marine to brackish water depo§|ts,
possibly originating in marginal or flood basins.

Tectonic Influence on Coal Thickness

Two major coal areas in the west-central Denve
basin show a tectonic influence on coal thickness.
Growth faulting (syndepositional), which influenced
the thickness of the Fox Hills and Laramie Formations,
has been described by Weimer (1973, 1976), in the
Golden-Leyden area; and by Rahmanian (1975) and Davis
and Weimer (1976) in the Boulder-Weld coal field. Tw
types of faulting are recognized. Deep-seated basemen
controlled faulting is observed in the Leyden Mine are
and, this type, together with shallow listric normal
faulting, are found in the area of the Boulder-Weld
coal field.

Structurally, the Leyden Mine (Fig. 9) is lo-
cated in the Denver basin block just east of the moun
flank deformation zone which contains nearly vertical
dipping beds (Fig. 14). The Leyden Mine was shut dow
in 1952; since that time, however, Public Service
Company of Colorado has converted the old mine to an
underground natural gas storage facility.

The Leyden Mine extracted coal from 2 beds
("'veins'') at depths varying from 800 to 1000 ft. The
stratigraphically higher A coal is separated from the
underlying B coal by a claystone and siltstone inter-
val. From north to south across the mine area, this
interval thickens from 20 to 80 ft (Camacho, 1969).
The B coal is 100 to 150 ft above the Laramie-Fox
Hills contact. The total mined area is between 2 and]
sq mi. Core hole data indicate that the A coal, where
mined, varied in thickness from 4 to 8 ft, and that tb
more extensive B coal varied from 6 to 11 ft. The coil
are thinner in the surface outcrop than in the mined
area, either because of depositional thinning con-
trolled by faulting, or because of thinning of the
coals by attenuation in the nearly vertical outcrops.
The disappearance of the coal at the north edge of
the mine is interpreted by Camacho (1969) to be a
result of channel cut-out (Fig. 13). To the south,
disappearance of the coal results from facies change
to channel-levee deposits.

The total thickness of the Laramie Formation
east of the outcrop is in excess of 1000 ft, as deter
mined from the old mine shafts and wells drilled by t{
Public Service Company for gas storage in the aban-
doneq Leydgn Mine. As shown on the map and structure
section (Figs. 9 and 14), the Basin Margin fault is
interpreted to be present between the
beds of the Laramie hogback and the g
in the area of the Leyden Mine.

nearly vertical
W structural dip
The fault is necessa

Figo 10.

Generalized stratigraphic column for Golden area (after LeRoy and Weimer, 1971). ——
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to account for the thickness and dip of the outcrop
sections relative to the thickness in the subsurface.
An east-west seismic section in the Leyden Mine area
indicates that the Basin Margin fault extends to the
Precambrian (T.L. Davis, 1976, personal commun.).
Figure 15 is an east-west restored stratigraphic section
across the Leyden Mine area showing observed thickness
variation of coal across the Basin Margin fault and

a hypothetical interpretation across the Golden fault
to the west (Fig. 9). The faults are interpreted

to have cut the back-levee coal swamps and resulted in
greater accumulation of peat on the downthrown side
compared to the upthrown side of the faults.

The stratigraphy and structure of the Boulder-
Weld coal field has been described in recent papers by
Spencer (1961), Colton and Lowrie (1973). Rahmanian
(1975), Weimer (1976), and Davis and Weimer (1976).
The coal field is located in a complex horst-graben
fault system which has a dominant northeast trend
(Fig. 9). The fault zone is approximately 10 mi wide
and 25 mi long. The coal field, lying south of
Boulder Creek, is about the same length but averages
L mi in width. Vertical separation on faults varies
from a few feet to over 400 ft.

Laramie coal in the Boulder-Weld field, as shown
by Colton and Lowrie (1973), was largely mined from
graben areas in the horst-graben fault system. This
association is shown by more detailed mapping of the
Marshall area by Rahmanian (1975). Thin coal is
present in core holes drilled on the major horst
blocks (generally less than 4 ft in thickness).

According to Spencer (1961), three main coal
beds in the lower 125 ft of the Laramie Formation
were mined in the area. Where mined, the thickness
of the beds varied from 5 to 8 ft. He reported an es-
timated total production of 20 million tons of largely
subbituminous B coal.

The coal beds are associated with shale,
siltstone, and sandstone of the lower Laramie.
Occurrences of the oyster Ostrea glabra and some
highly burrowed beds suggest more brackish water
environments of deposition for the lower Laramie in
this area than in the Golden-Leyden area (Rahmanian,
1975). The coals are believed to have been deposited
on a delta=-plain setting on the north margin of the
delta described in the Golden-Leyden area. Evidence
for another delta, north of Boulder, can be recognized
in the White Rocks area, where distributary channels
and thin channel-fill coals have been reported by
Weimer (1973, 1976).

The Fox Hills Sandstone in the Marshall area
was studied in detail by Rahmanian (1975). He des-
cribed two units in the Fox Hills consisting of fine-
to medium-grained sandstone with abundant Ophiomorpha.

The units result from 2 cycles of shallow
marine deposition. Elsewhere in the area, as many
as 4 cycles can be recognized (Weimer, 1973). The
thickness of the formation varies from 120 ft in
surface outcrops to 350 ft reported in core holes
in the graben faulted areas.

Previous workers (e.g., Spencer, 1961) sug-
gested that northeast-trending shear zones in the
Precambrian, associated with the Colorado Mineral
Belt, may project into the area of Boulder-Weld coal
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field. However, the Dakota Group in the hogback
southwest of Marshall is not offset by faulting
(Rahmanian, 1975). This suggests that the fault
system in the Boulder-Weld coal field area is an
entity separate from the Colorado Mineral Belt.

The thickening of coals in the lower Laramie
and thickening of the Fox Hills Sandstone in graben
areas is geologic evidence for growth fault movement,
Davis (1974) presented seismic evidence indicating
that the faults die out at a shallow depth in the
upper Pierre Shale. The relationship of the mountain
flank basement faults to the Boulder-Weld fault zone
is shown on Figure 16.

The shallow faults are believed to be related
to low density, low velocity, possibly overpressured,
shale masses in the upper 4000 ft of the Pierre Shale
(Davis and Weimer, 1976). The processes controlling
the origin of the fault system appear similar to
those controlling Tertiary fault systems in the Gulf
Coast (Bruce, 1973; Curtis, 1970); however, the
Denver basin system is of a much smaller magnitude.

Three and possibly four major listric normal
fault trends are present in the fault zone. Secondan
horst-graben antithetic faults are found on the south
east side of each major fault. Because of fault
movement within the coal swamps, more organic material
accumulated in the graben blocks than over the horst
blocks (Fig. 17). After compaction, commercial
thicknesses of coal developed mainly in the graben
areas and thus determined the location of underground
mining.

SUMMARY

Climate and deposition conditions in the
Western Interior of the North American Continent
favored the development of widespread coal swamps for
the time interval 95 to 50 my ago (Late Cretaceous
and early Tertiary). The coal swamps formed in fluvii
delta systems, with channel margin swamps being the
most important environment for development of coal.
The thickness of coal in the west-central Denver
basin is significantly influenced by growth faulting
(syndepositional). Greater thicknesses of peat
accumulated on the downthrown side of faults, resultit
in minable thicknesses of coal. Coal is a widespreal
lithology in Cretaceous and Tertiary strata in the
Rocky Mountain region, but a combination of geologic
factors must have been present during deposition of
Peat in order to develop a coal thickness of economic
Interest. An understanding of these geologic factors

is important in coal exploration and development pro-
grams.
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Table 3.

Chlnncl'

wall-drained
Lithology Gray to brown
fine to coarse-
gralned sand-
stone with clay
clasts near base.
Fining upward
grain slze.
Large-scale load
casts along base.
Clay gralns com-
mon. Scour base.

Light gray and
pink kaolinite
claystones with
lron-rich con-
cretionary layers
1 to 3 in. thick.

Stratification Trough crocs
strata with sets
up to 2 ft In
thickness in low-
er part. Ripple
microcross-lami-
nation in upper

part.

Generally, mas-
sive appearing;
‘'elay skin"
fracturing by
root system ex-
pansion is com-
mon.

Fossils Occasional car-
bonized plant
fragment or
imprint; root

systems.

Log and leaf
imprints common
along base.

poorly drained

Dark gray to
black kaolinite
claystonel, car-
bonaceous shale
and thin coal
seams.

Laminatfons of

bedding present
in carbonaceous
rich strata.

Carbonlized

plant remains
and imprints;
root systems

Lacustrine

Medlum to
dark gray
claystone

and organic
rich shale
with minor
slitstone and
very fine-
grained sand-
stone layers.

Generally
well lami-
nated or
bedded.

Leaf and
plant frag-
ment im=
prints,

Summary of diagnostic characteristics of Laramie Formation, Golden, Colorado.

splay sandstone

Gray to brown
fine- to medium
grained sand-
stone. Texture
fining upward;
scour base near
main channel;
sharp or transi-
tional base a-
way from channel.
Sandstone thins
and becomes finer-
grained away from
main channel.

Dominantly ripple
microcross=lami-
nation; trough
cross-stratifi-
cation common in
lower part.

Numerous log
imprints as ''log
Jjams'' common a-
long base; paim
fronds and leaf
Imprints in upper
part.

lLevees have not been specifically Identified In outcrop sections in Golden area.
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COAL DEPOSITS OF THE EASTERN PICEANCE BASIN

BRUCE A. COLLINS: Mid-Continent Coal and Coke Company . )

Carbondale, Colorado 81623

ABSTRACT: The coalfields of the eastern Piceance Creek basin contain a conservatively estimated 3,129 million tons
of bituminous coal and anthracite. At least 800 million tons are of metallurgical quality. These coals occur in
the lles and Williams Fork Formations, which together make up the Mesaverde Group. The Mesaverde sediments were
deposited by a southeastward-prograding delta-deltaic plain complex. Intertonguing of marine and nonmarine deposits
were caused primarily by compaction, shifting depocenters, and varying sediment supply. The coals are mostly of
freshwater origin, and were formed in subtropical to warm-temperate forest swamps.

Rank varies from high-volatile C bituminous to anthracite and locally graphite. While those coals
occurring north of Four Mile Creek owe their rank entirely to depth of burial, the higher-rank coals south of
Four Mile have been subjected to abnormally high geothermal gradients, the result of heat from the intrusions of
the Elk and West Elk Mountains. The coking quality of the coals, while secondarily dependent on peat type and
swamp conditions, is primarily a function of rank.

Large-scale mining is presently limited to the coking coals in the southern part of the area. Modern
mining in much of the rest of the region awaits the development of economic methods to cope with steep formation
dips and other geologic problems.

INTRODUCTION
STRUCTURAL GEOLOGY

The Piceance Creek basin is the largest struc- The Grand Hogback is the most striking physio-
:ural basin in northwestern Colorado, covering an area graphic feature of the eastern Piceance Creek basin.
»f about 7,225 sq mi as measured around the base of The hogback is a westerly dipping monocline composed
-he Upper Cretaceous Mesaverde Group (Fig. 1). Within primarily of the coal-bearing Mesaverde Group of Upper
he basin, the total coal resource, in beds over, 42 in. Cretaceous age. The structure can be traced from near
:hick, is estimated by the author to be approximately Marble on the south to north of Meeker, a distance of
123,8 billion tons. To put this number in some per- over 90 mi. Dips vary from nearly flat to overturned.
ipective, the total remaining reserve in the entire
itate of West Virginia is 102.1 billion tons (Ashcraft, Faulting within the coal-bearing rocks appears
1974, p. 15). to be relatively minor, although more extensive mining

might prove otherwise. Faulting is most common in the

The Carbondale, Grand Hogback, and southern southern part of the area and in association with major
)anforth Hills coal fields contain a conservatively bends in the hogback. Most known faults are high-
:'stimated 3.13 billion tons of high-quality bituminous angle normal. Except for shearing associated with
:0al and anthracite (Landis, 1959, tables 8-11) in bedding-plane movements, faulting has had no noticeable
in area approximately 90 mi long and 1 to 10 mi wide. effect on the quality of the coals.
‘his reserve is in seams over 42 in. in thickness and
inder less than 3,000 ft of cover. Folding is also relatively minor, aside from

the monocline of the hogback itself, and is concen-

The Piceance Creek basin has a maximum struc- trated in the southern part of the area around the
:ural relief of 27,000 ft, as measured on top of the large Tertiary intrusives of the Elk and West Elk
’recambrian. The basin is asymmetrical to the east, Mountains. The southernmost of these is the Chair
vith only 30 mi separating the low point along Piceance Mountain uplift, where coal in the surrounding up-
.reek near Rio Blanco and Precambrian exposures on the turned sediments has been metamorphosed to anthracite
ihite River uplift (Murray, 1966, p. 192), while 100 mi and locally to high-grade graphite. The Coal Basin
ieparate Rio Blanco from the Uncompahgre uplift to the anticline is 5 mi north of Chair Mountain, and is
jouthwest (Haun, 1962, p. 12). The basin is bounded thought to be the result of a similar but much smaller
)y the Uinta uplift on the north, by the White River laccolithic intrusive in the subsurface. The Divide
plift and Elk Mountains on the east and southeast, Creek anticline occurs about 15 mi northwest along
)y the Elk and West Elk Mountains and the Gunnison the same structural trend, and may have had a similar
iplift on the south, by the Uncompahgre uplift on the origin. The Sulphur Creek syncline north of Meeker
southwest, and by the Douglas Creek arch on the west. separates the Grand Hogback to the south from the

1976 Symposiwn on the Geology
of Rocky Mowntain Coal, p. 29-43 29
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southern Piceance basin.
cates lithogentic equivalency only.

Danforth Hills to the north and the Yellow Jacket anti-
cline to the east (Murray, 1966, chp. 11, pl. 1).

There are a few other minor folds along the hogback,
together with drag folding near faults and evidence

of plastic flowage in the Mancos Shale.

Igneous intrusives affecting coal-bearing
rocks are limited to that part of the area south of
Coal Creek, in western Pitkin County. Several lacco-
liths, one phacolith, several sills, and numerous dikes,
all of varying composition, are present within the coal-
bearing interval. The Mount Sopris laccoelith does not
directly affect Mesaverde rocks, but heat from the in-
trusive was probably responsible for the higher rank
coals from Fourmile Creek to the Middle Thompson Creek
area. The Chair Mountain laccolith is composed of
quartz-monzonite porphyry (Murray, 1966, p. 101; Godwin,
1968, map) and is the largest intrusive in the area
directly affecting coal-bearing rocks. Coal seams on
both the east and west sides of the mountain have been
locally altered to anthracite, and massive graphite
deposits are reported near the Genter Mine, northwest

of Marble in Gunnison County.

A small

Linearity of the Rollins - Trout Creek - Cameo Sandstone zone across the diagram indi-

laccolith in the

subsurface is thought to have formed the Coal Basin antif
cline and to be responsible for the higher rank coals

in that area.
Elk Mountains were found to be floored

Laccoliths studied by others in the West
in or above

Wasatch sediments, suggesting a post-early Eocene age
(Lee, 1912, p. 54-55; Murray, 1966, 102).

50 ft from the contacts.
follow faults.

Dikes found in the area vary in composition
from basalt (Hanks, 1962, p. 148; Godwin, 1968, map)
to dacite porphyry and in thickness from feather edges
to 50 ft or more. i
where they have coked the coals that they cut up to

They are best exposed in Coal Basin

The dikes do not, as a rule
They do appear to be texturally and

possibly compositionally dependent on the rocks that

they cut.
to major dikes and are not well developed.

igneous rocks are limited to basalt flows between
Middle Thompson Creek and South Canyon, and are not
known to have affected the coals.

The known sills within the area are relate
Extrusive

Fig. 1.

fields boundaries correspond to ''"Mesaverde'' exposures.

Index map of the Piceance basin showing the thesis area in relationshij
operating coal mines, major structural features, and localities referred to

in the text.

P to the towns,

coal fields,

In general, the coal

>
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A - Al and B - B! are shown on Fig. 4.

Fig. 4. Cross sections of depositional framework of the Piceance delta; see Fig. 3. for lines of

secti -
tical and horizontal scales are arbitrary and exaggerated for clarity. on. Ver
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The Mesaverde was named on the northern edge

of the San Juan basin (Holmes, 1877, pp. 245, 248),
and the term has since been extended throughout north-
western Colorado, eastern Utah, and southwestern
Wyoming on the basis of lithologic similarity (see,
for example, Fenneman and Gale, 1906). The name is
mmused here only because of its customary application

(Fig. 2). The group is divided into the Iles and
®Mywilliams Fork Formations, and varies from 4,595 ft

in thickness near Placita, northwest of Marble, to

over 6,500 ft near Meeker. Thickness variations are

due to variations in marine and nonmarine sediments,

primarily in the lles Formation, and, near Meeker, to
\v marginal marine Lewis Shale equivalents in the Williams
) Fork (Newman, 1965, Fig. 2 and p. 138).

,Wl]"

The lles Formation is 1,600 ft thick at Meeker,
is predominantly nonmarine, and contains economic coals
in the Black Diamond coal group. The Mancos Shale tongue
present in the formation at Meeker becomes more predomi-
nant to the south as basal sandstones pass by facies
change into the Mancos Shale. The lles is 1,175 ft
thick at Coal Basin, where the basal Cozette Sandstone,
the Mancos tongue, and the Rollins Sandstone make up
the entire lles Formation. The Cozette disappears
btetwean Coal Basin and Placita, where the Rollins re-

yir
"Mhaina the only representation of the lles. The Trout

l;:.L'.'al poorly drained |

Fiauh Warar Bueamp | Brocxish
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Creek and Rollins Sandstones, which are lithogenetic
equivalents (Warner, 1964, p. 1099), and which form
prominent cliffs and ridges throughout most of the
area, occur'at the top of the Iles.

The Williams Fork Formation, which varies in
thickness from 3,600 ft at South Canyon to 5,780 ft
near Meeker, contains most of the area's economic coal
beds. The Williams Fork is predominantly nonmarine,
although tongues of Mancos Shale, which thin from
south to north, occur near the bottom, and tongues of
marginal marine sediments equivalent to the Lewis
Shale occur in the middle in the Meeker area (Newman,
1965). In the southern part of the area, from Marble
to North Thompson Creek, the Williams Fork has been
subdivided into the Bowie Shale and Paonia Shale mem-
bers and an upper, undifferentiated member (Hanks,
1962; Collins, 1970, 1975, 1976). The Bowie Shale
contains two major coal groups: the lower, or Fair-
field, which is named after Hancock and Eby's Fair-
field (1930, p. 206), named near Meeker, to which it
is only partially equivalent; and the South Canyon
Group, which is 300 to 600 ft above the Fairfield.
Although basically nonmarine, Bowie equivalents con-
tain significant marine intervals at least as far
north as New Castle. The Paonia Shale and equivalents
contain one significant coal group, the Coal Ridge,
and a few isolated locally thick coals in the upper
part. The undifferentiated sequence contains several
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locally correlated coal groups, including the Keystone

near New Castle and the Lion Canyon near Meeker. Coals

in the upper Williams Fork are highly irregular in
thickness, extent, and quality compared to the lower
groups, particularly the Fairfield Group seams. Al-
though the Paonia and undifferentiated members and
their equivalents are predominantly nonmarine, they
do contain some marginal marine Lewis equivalent
sediments in the Meeker area.

The Mesaverde Group as exposed in the eastern
Piceance Creek basin was deposited by a generally
southeastward prograding lobate delta, similar in some
respects to the modern Niger delta (see Allen, 1970).
Intertonguing of marine and nonmarine sediments was
caused by hinge-line faulting on a regional scale,
and by compaction and variations in sediment supply
on a more local level. A hypothetical model of
deltaic deposition is presented in plan view on
Figure 3, in cross section on Figure 4.

As many as 7 cycles of marine-nonmarine de-
position are locally identifiable, although these vary
in number and character, indicating that regional
tectonism--that is, basinal lowering--had little or
nothing to do with controlling cyclic sedimentation in
this area. Cycles can be generally described as
follows: prodelta sands and silts spread out over
ocean basin deposits, as indicated by thick Mancos
Shale sequences which grade upward into somewhat er-
ratic sandy siltstones and fine-grained sandstones.
Delta-front sediments are represented by complex
sandstones, including the Sego, Corcoran, Cozette,
and the Trout Creek-Rollins, each of which forms the
base of the lles from north to south, respectively.
These sandstones include distributary-mouth bar, bar-
finger, subaqueous levee, barrier-beach, and lower dis-
tributary environments. Lower deltaic-plain environ-
ments are represented by lagoonal, paludal, flood-

plain, and lacustrine deposits, and contain most of the

more important coal zones of the Bowie Shale and
equivalents. Boundaries between these sediments and
overlying prodelta marine deposits in areas of cyclic
sedimentation are often abrupt and highly irregular

in extent and position, as are the units themselves,
again indicating local as opposed to regional control.
Upper deltaic plain deposits are represented by gen-
erally well-defined channel sandstones, overbank and
flood-plain sediments, and minor coals in the upper
Paonia Shale and undifferentiated members and equiva-
lents. Deltaic sedimentation is further indicated

by current features in several of these environments,
particularly in prodelta and delta front deposits.
Flow rolls and ball-and-pillow structures are common
in the upper Mancos tongues in the lles; and various
load features, clay galls, and contorted bedding occur
in the deltaic plain facies of the Williams Fork. In
addition, several growth faults have been tentatively
identified.

QUALITY OF EASTERN PICEANCE CREEK BASIN COALS

Analysis of the coals of the eastern Piceance
Creek basin indicates a wide range of physical and
chemical characteristics. Rank varies from high
volatile C to anthracite and graphite. Coal thick-
nesses range up to 60 ft. with from 2 to as many as

. : area.
15 seams of mineable thickness in any one

During a recent study of the coals oi this
area (Collins, 1975, 1976), a number of samples were
collected and subjected to a variety of tests, in-
cluding petrographic, proximate and ultimate analysis,
and ash and X-ray analysis. Lithotype analysis was
carried out on a limited number of samples and on
in-place coal seams, and indicates that the high-
quality coking coals of the southern part.of tﬁe area
generally have a higher vitrain content, in thicker
bands, than those seams farther north. Because the
number of samples was small, these conclusions may
not be statistically valid. Durain contents were
found to be slightly higher in the middle portion of
the region. Fusain is present throughout the area
but rarely in bands thick enough to measure.

Microscopically, 54 samples were examined, al-
though only 19 in detail. Collinite was found to be
the predominant vitrinite maceral, although telinite
was always present and usually well developed. Spori-
nite, cutinite, and resinite were all common represent:
tives of the exinite group, but alginite was not identi
fied at all. Fusinite was the most common inertinite,
with micrinite somewhat less abundant. Sclerotinite
and semifusinite were often well developed, but rare.
Overall average maceral group distribution was 71.8
percent vitrinite, 13.7 percent exinite, 11.3 percent
inertinite, and 3.1 percent mineral matter, the latter
consisting primarily of quartz grains, crystalline and
amorphous pyrite, and clays.

The 1.6 specific gravity sink material from
19 samples was examined microscopically to determine
how ash materials occur in these coals. Silty and
shaley coal or coaly siltstone predominated, usually
well mixed but occasionally layered. This material
is generally referred to as ''bone' when identified
megascopically. Quartz grains, calcite, selenite
gypsum, clay fragments, and limonite were fairly
common, but pyrite and feldspar grains were relatively
rare.

The proximate analysis includes, for the pur-
pose of this report, moisture, ash, volatile matter,
fixed carbon, Btu, free-swelling index, and ash-
softening temperature. |n the fresh coal samples
tested, moisture varied from less than 2 percent
at Coal Basin to over 11 percent north of Meeker.
Moisture is useful as an indirect measure of weatherin

or oxidation, with oxidized coals running as high as
20.5 percent.

) As-received Btu, shown on Figure 5, reflects
Tonsture ?ontent and is, therefore, not very useful
In comparing coals. It is an important commercial
value because it indicates the Btu content to be
expected from the mine. As can be seen, as-received

BFu ggnerally increases from north to south, along
with increasing rank.

. Volatile matter (dry values shown on Fig. 6)
consnsts.of steam and various aromatic and aliphatic
decompo§|t|?n products. The weight loss of the sample
on heatlpg_ls volatile matter plus moisture, while
the remaining char is fixed carbon plus ash, Volatile
matter decreases markedly from north to sou;h. again
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with increasing rank, and varies rapidly in the
vicinity of igneous intrusives. Values range from
48.8 percent near Nine Mile Gap to 6.1 percent along
Raspberry Creek near Marble. Near a dike in Coal
Basin, natural coke had a volatile matter content of
6.5 percent, altered coal 14.2 percent, and unaltered
coal 22.6 percent.

Plant ash varies from 1.5 to 3 percent for
woody plants and is higher for some grasses and reeds.
Sedimentary ash varies from 0 to 100 percent. Ash
for samples with Btu rise ranged from 1.7 percent for
a lump from the Four Mile Creek area to 90.2 percent
for a coaly shale from Coal Basin. Coal seam ash
averaged 5 to 8 percent. Although there are definite
patterns in local ash distribution, there were no
discernible regional ones.

Dry Btu is indirectly dependent on ash content
and oxidation. It generally increases with rank up to
the low-volatile level, then decreases through the
anthracites to graphite. As seen on Figure 7, dry Btu
in the area studied varies from less than 12,000 to
over 15,000 Btu/1b for unoxidized coal.

The free-swelling index (FS1), shown on
Figure 8, gives an indication of the coking nature of
a particular coal. It is not an indicator of how well
that coal will coke, nor of the quality of the coke
produced. Coking coals, that is coals with an FSI| of
1_or greater, vary in rank from high-volatile C to Tow
volatile. In the eastern Piceance Creek basin, FSI's
varied from O for all samples north of Aspen Gulch,
except for one from Harvey Gap, to 9 for all Coal Basin
samples and for a partial seam sample from Middle
Thompson Creek.

Ash fusion temperatures are important in coal
utilization studies, with high values indicating poten-
tail slagging problems. For the coals tested, values
ranged from 2,170° to 2,730°F, and some were even
greater.

Ultimate analysis includes testing for carbon
hydrogen, nitrogen, oxygen, and sulfur, although sul-
fur is often included in the proximate analysis. In
the eastern Piceance Creek basin, carbon generally
increases from north to south with increasing rank
and varies from just under 70 percent to about 85 per-
cent. The hydrogen content was found to be fairly
stable over the entire area, averaging about 5 percent.
Nitrogen was also fairly constant, ranging from 1.3
to 2.1 percent and averaging 1.7 percent.

Oxygen is present in dry coal from the original
plant material and from oxidation by air or by surface
or ground water. Oxygen content is an important factor
in evaluating coking coals, as it can alter or even
destroy the coking properties of otherwise strongly
coking coals. Values in the area under study here,
shown on Figure 9, varied from 2.5 percent for a
medium-volatile sample from Coal Basin to 16 percent
for a high-volatile C sample from Nine Mile Gap.

Sulfur was found to be relatively uniform in
fresh coal samples, averaging 0.70 percent, with most
localities varying from 0.60 to 0.85 percent. Only
four samples exceeded 1.0 percent. Nineteen samples

were tested for the form of their sulfur content.
Sulfate sulfur ranged from 0 to 0.16 percent, organijc
from 0.34 to 0.62 percent, and pyritic from 0.03 to
0.54 percent. These values are for coal samples only,

All samples collected by the author were sub-
jected to diffraction X-ray analysis. Selecteq re-
sults are given on Figure 10. Intense scattering by
complex organic molecules masked virtually gll minera|
peaks except the strong quartz peak at 26.7°208. The
selected samples shown do reflect the increased defini.
tion of the principal graphite peak at 27.5°20 quite
well. This increase, due to increasing aromatization
is clearly rank dependent.
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N,
+RELATION OF COAL QUALITY TO DEPOSITIONAL ENVIRONMENT
-
;é The quality of the coals in the eastern
Piceance Creek basin, as in any coal basin, depends
+:0on the nature of deposition in the original peat
.swamp and on the diagenetic changes to which the peat
w.material has been exposed. Both physical and chemical
il,conditions are important in each of these factors, and
' in many cases the borderline between physical and
chemical change is indistinct, as is the boundary be-
.. tween depositional and diagenetic change.

To summarize the depositional environment that
produced the coals of the eastern Piceance Creek basin,
the peats which led to these coals were deposited
as part of a southeastward-prograding delta complex.
Most of the peats were of fresh-water origin, although
two areas of higher sulfur, higher ash coal closely
bounded. by lagoonal indicators suggest local accumu- I+
lations of brackish-water peats. The lower coals in
each group, usually higher in ash and sometimes in
sulfur, are thought to be of interdistributary marsh
origin, and probably developed from grass progenitors
and reeds. A generally lower vitrain-vitrinite per-
centage in these coals at least suggests the sparsity
of woody plants. Extreme variations in thickness,
lateral extent, and nature of the seams also suggest
such an environment.

As the delta prograded, poorly to moderately
drained forest swamps developed, with floral assem-
blages not unlike that of the present Mississippi delta.
Rock splits, which are highly variable in thickness,

. extent, and composition, represent crevasse-splay de-
\Eposits. Some of the thicker, more regular intervals
"between seams are due either to interruptions or to in-
creases in deltaic sedimentation which resulted either
in submergence and death of the swamp by marine invasion
“or in choking off of peat accumulation by sediment in-
» ;vasion and by the presence of oxygenated surface waters,
respectively.

I In the forest swamp itself, water currents
“were slow moving, except where rock splits represent
* “ temporarily higher velocity conditions. Boney partings
-and layers of higher ash coal indicate slightly higher
»than normal current conditions where plant debris
<accumulation was not interrupted. While insufficient
_work has yet been done in the area to realistically
\£define paleotopography even in the most local sense,
~some generalizations can be made. Low areas were
centers of exinite and inertinite accumulation,
wfusinite excepted, and were also areas of increased
*’clay deposition in some cases. Thus durain-rich coals
~“now represent low areas in the original swamp, while
wvitrain and clarain indicate slightly higher areas of
wraccumulation. The generally low fusain content of the
“thicker coals is interpreted as indicating the absence
-of ground-cover plants and shrubs, the drying of which
would be more conducive to extensive swamp fires than
""a forest-type assemblage.

Heat due to depth of burial is the most im-
portant overall factor in the coalification process.
While no widely accepted criteria exist for estimating
_the depth of burial of a coal seam under all conditions,

"a combination of methods that have been used, such as

I“Hilt's rule (Mason, 1958, Fig. 39) and some of the
' It

"of 11,200 to 11,700 ft.

Teichmuller studies (see Teichmlller and Teichmiller,
1968), indicates that the coals of the central eastern
Piceance Creek basin were probably buried to a depth
This agrees reasonably well
with the projected total Upper Cretaceous and Terti-
ary sedimentary record in the area. Samples from

the north end of the area, near Nine Mile Gap, indi-
cate burial depths of as little as 8,000 ft, and
other local variations occur north of Four Mile Creek.
The coals to the south of Four Mile have been elevated
in rank solely by their proximity to the igneous in-
trusions in the area, such as Chair Mountain and Mt.
Sopris.

The coking quality of the coals of the southern
part of the eastern Piceance Creek basin is predominantly
rank dependent, and, therefore, is diagenetically de-
pendent. Coals with very similar petrographic profiles
from the Coal Basin and Meeker areas have drastically
different coking character. However, the importance
of vitrinite and exinite content is also clear, and
such content is controlled solely by the sedimentary
environment in the original swamp. Vitrinite, which
represents the remains of woody plants, is the mbst
reactive maceral in coking, and coals with high vitri-
nite contents generally make the best cokes. Exinites,
which consist of the remains of pollen and spores, leaf
cuticles, plant resin and waxes, and algae, are higher
in volatile matter than the vitrinite in the same
sample. They froth more when heated in the coke oven,
and lead to a more open, porous structure than does
vitrinite alone. This is desirable up to a point, but
a k chgs.rnitn content coupled with low vitrinite may
lead to a soft, weak coke, regardless of rank. The in-
ertinites, primarily micrinite and fusinite, take
little or no part in the coking process. From this
it is clear that, while sedimentary controls on
coking characteristics would appear to be subordinate
to rank, or degree of metamorphism, the original
swamp environment does indeed affect the nature of the
coking coal produced by subsequent changes through time.

COAL PRODUCTION IN THE EASTERN PICEANCE CREEK BASIN

The eastern Piceance Creek basin coal fields
were opened in the mid 1880's and have produced con-
tinuously ever since. Total production to January 1,
1976, is approximately 22 million tons. From the
first production until 1916, several large mines were
in operation, primarily in the Spring Gulch-Four Mile
and South Canyon-New Castle areas. These mines were
served by the Colorado Midland Railroad; when the Mid-
land was abandoned in 1916, large-scale coal production
ceased. Production picked up again in the 1950's with
the opening of mines on North Thompson Creek and in
Coal Basin. While the early years of this century
saw the greatest number of mines producing and number
of men employed, 1975 was the year of greatest pro-
duction, approximately | million tons.

While coals with a wide range of utility,
industrial, and commercial applications obviously
exist in the eastern Piceance Creek basin, modern
mining has been limited to the metallurgical coals
found south of Spring Gulch, in the Thompson Creek
and Coal Basin areas. The obvious question at this
point, then, is why has there not been further
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development in this area? The answer is simply that
geologic problems encountered in the area prohibit
economic mining with present-day techniques. The
most obvious geologic problem is dip. At Mid-Conti-
nent's Coal Basin operations, ordinary continuous
mining techniques are utilized on an average dip of
13°, or 23 percent; dips occasionally exceed 15°.
This is in spite of the fact that most mining text-
books state that such equipment cannot be used on dips
exceeding 7 to 8°. At Thompson Creek, dips average
slightly over 30°; specialized equipment and mining
techniques will be used in these mines, which cur~
rently are being reopened by Anchutz Coal Company,
when full production is resumed. Most of the re-
mainder of the area south of Sulphur Creek, just north
of Meeker, exhibits dips in excess of 40°, and in
some places the coal beds are actually vertical or
overturned. These areas await specialized mining
techniques to allow economic extraction on anything
approaching large scale. Dip increase also results
in rapidly increasing cover.

Faulting is another geologic problem that
has in the past determined mining limits in several
mines in the area. |In general, a fault with a throw
up to the thickness of the coal seam causes little
difficulty in entry development. Faulting is often
accompanied by other problems, however, such as soft
or broken top, excessive amounts of water or gas, and,
under certain conditions, relict stresses that can
cause bumps or outbursts. Many of the faults in the
southern part of the area have a rotational component,
complicating mining somewhat where large faults are
encountered.

In the southern part of the area, where coal
rank has been elevated by thermal processes, excessive
amounts of methane gas have been generated and, in large
part, trapped in the coal. Gas has been a problem in
all of the mines opened south of Four Mile Creek. In
the Coal Basin area, methane emission rates of up to
2,000 cu ft/ton have been estimated.

In the New Castle area in particular, spon-
taneous combustion in pillars during pillar extraction
and the presence of unusually highly explosive dust
have caused problems. Virtually every major mine in
this district has suffered at least one fire or ex-
plosion. A series of such accidents near the turn of
the century took a large number of lives.

SUMMARY

In summary, the eastern Piceance Creek basin
contains at least 3.13 billion tons of high-grade
bituminous coal and anthracite, much of this coal
being considerably higher in quality than most other
Western coal. While sedimentary environment has had
some influence on coal quality, the principal deter-
mining factor is an abnormally high geothermal gradi-
ent caused by the presence of numerous igneous intru-
sives in the southern portion of the area. Geologic
conditions, known mining techniques, health and safety
laws, and economics have limited modern mining to the
coking coals found from Spring Gulch south. Exploita-
tion of the high-grade steam coals found in much of the
area awaits practical solutions to these problems.

COLLINS
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TRINIDAD — RATON BASINS:
A MODEL COAL RESOURCE EVALUATION PROGRAM

CURTIS L. AMUEDO: Amuedo and Ivey, Consultants
Denver, Colorado 80209

|RICHARD S. BRYSON:  Consulting Geologist
Lakewood, Colorado 80226

ABSTRACT: A model coal resources evaluation of a complete basin is presented, using the Trinidad-Raton basin as
an example. This approach is recommended to avoid excessive exploration drilling costs, and to minimize followup
costs of property acquisition and mine development. The objective of the total basin evaluation concept is not
only to establish a comprehensive baseline analysis of the coal resources, but also an analysis of the economic
factors involved if development of the resource is to be undertaken. The basic data for an assessment of this
type must be sufficient to answer many diverse questions. Some of these questions are: (1) which areas have the
nighest reserve potentials and can justify exploration expenses?; (2) what is the mineral ownership picture?;

(3) where are the markets for this coal and what is the best way to transport the coal?; (4) how much would it
cost to develop a mine in the area?; (5) is an on-site electric generating plant feasible?; (6) what about an
on-site gasification plant?; (7) what are the competing energy minerals in the area?; (8) what is the present
land-use status?; (9) what are the environmental-ecological considerations?; and (10) is sufficient water
available?

NTRODUCTION drilling and other expenses might be
justified?

We believe the best method to explore for coal 4, What is the mineral ownership picture, and
s to locate several favorable areas for exploration what is the present status of land use?
yithin a basin by studying the basin as a whole. We 5. |Is sufficient water available for domestic
:all this approach the bgsi uation congept which as well as increased industrial use?
1as been used successfully for many years by oil com- 6. Where would the markets be for the coal,
)anies to discover new oil and gas fields. Only re- and what are the shipping considerations?
:ently is this method being applied to coal exploration. 7. Would it make sense to develop a mine-
jome companies, particularly certain coal companies, mouth energy complex rather than to ship
relieve that exploration is the drilling of one or two coal out of the area?

:ore holes a quarter of a mile away from a producing 8. How much would it cost to develop a mine
:0al mine. in the area?

The basin evaluation concept includes much more 9. What are the other energy minerals in the
han knowing the depositional history, depth, and area, and would they be competitive?
‘hickness of the coal beds. Many other considerations 10. What are the environmental and ecological
ire necessary by private industry before a "jo" or considerations?
mo-go" decision can be made to commit exploration
lollars and to estimate the long-range capital invest- Ideally, the above questions should be answered about
lent costs. Many diverse questions should be answered. any basin before committing exploration dollars.
le will discuss some of the obvious ones. It is only To demonstrate the basin evaluation concept
ifter these simple questions are answered that a com- and to answer these questions, we have chosen the
any can make a sound decision. The basin evaluation Trinidad-Raton basin as a model.

'oncept should include at least the following 10 basic
juestions:

1. What is the history of coal production HISTORY OF COAL PRODUCTI!ON

from the area?

2. What is the quality of the coal? Coal was first reported in the Trinidad-Raton

3. Where are the largest potential undeveloped basin in 1848 (Fig. 1). Mining began in 1873 and

coal resources in the basin where core reached a peak production of 71 million tons during

976 Symposiwm on the Geology
f Rocky Mountain Coal, p. 45-60 45
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TRINIDAD-RATON BASINS:

he 10-year period from 1911-20, averaging 5.6 million
ons annually in Colorado and 1.5 million tons in New
lexico. Cumulative production through 1975 for the
ntire basin, from available records, is estimated to
e 325.5 million tons--247.5 million for the Colorado
ortion, and 78 million from New Mexico. In 1975,
otal production in the basin was about 1.6 million
ons, approximately 600,000 tons in Colorado and one
1Wllion tons in New Mexico.

On Figure 1, and on all subsequent illustrations,
he top of the Upper Cretaceous Trinidad Sandstone out-
:rop is indicated, marking the base of the coal measures,
ind enclosing about 2100 sq mi of coal-bearing rocks.

The Trinidad-Raton basin straddles the Colorado-
lew Mexico State line. The area is mountainous on the
\4estern side, where the average elevations range from
ibout 9,000 to 13,000 ft above sea level in the Sangre
‘le Cristo Mountains. West Spanish Peak (elevation
13,600 ft) is the highest point in the area. The topo-
jraphy becomes more gentle, but dissected, as it slopes
:astward to the base of the coal measures' outcrop,
ivhere elevations are usually about 7,000 ft. The
/largest towns in the Colorado part of the basin are
jalsenburg (population ¥5,000) and Trinidad (¥10,000).
In New Mexico, Raton has approximately 7,500 inhabitants.
| A1l of the coals within the basin are found in
.ate Cretaceous and early Tertiary age rocks, from the
lsurface to more than 3,000 ft in depth. The coal is
‘ound in the Vermejo and Raton Formations. All of the
oals in these formations were deposited in discrete
/lenses qE:EQ”JQ:f}fthick, which cannot be correlated
":hroughout rnr: basin.

Coals of similar age in other Rocky Mountain
»asins are normally subbituminous to lignite in rank.
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However, due to the regional igneous activity in the Trin-
indad-Raton basin, the coals have been upgraded to bitum-
inous rank, averaging about 13,000 Btu/lb. North of

a line just south of Spanish Peaks, the coal is of

steam quality; south of this line, the coal is high-
quality metallurgical-grade coking coal. The 15 sep-
arately named mining districts are outlined on Figure 1I.
There are only 2 large active mines in the basin, the
Kaiser Steel York Canyon Mine in New Mexico, and the

CF&l Allen Mine in Colorado. A small strip mine was
opened in late 1975 north of Trinidad, near the town

of Aguilar. During 1975, the York Canyon mine produced
approximately | million tons of coal, and the Allen
produced 632,000 tons.

) The new CF&l Maxwell mine is presently under
development about 3 mi east of the older Allen mine

and is scheduled to reach a production level of about
2,000 tons/day in the spring of 1978. The new mine

will cost about 10 million dollars, depending upon

the operating level.

QUALITY OF THE COAL

The coals of the Trinidad-Raton basin are
similar in quality to eastern coals, being high-
volatile, bituminous C through A in rank (Table 1).

Generally, the Btu values of the coal in the
basin increase from north to south (Fig. 2). All
values greater than 13,000 Btu/lb are underlined on
Figure 2. Although these coal beds are not as thick
as those of the Powder River basin, Wyoming, their
Btu content is about 40 percent higher than Powder
River basin coal.

The ash content of the coal ranges from about

TABLE |

REPRESENTATIVE ANALYSES OF SELECTED COALS

FROM THE TRINIDAD-RATON BASIN

Mine or Volatile Fixed
Location Coal Bed Formation Moisture Matter Carbon Ash Sulfur Btu
1. Alamo Raton Vermejo 7.5 37.4 46.6 8.5 0.6 11,710
2. Allen Allen Raton 4.3 38.3 49.2 8.2 0.5 13,100
3. Ancho Canyon Ancho Canyon Raton 36.3 54.0 8.6 0.5 13,835(1
L. Boncarbo Boncarbo Raton 2.9 32.1 49.0 16.0 0.6 12,210
5. Brilliant Tin Pan Raton - 37.0 46.5 16.5 0.6 12,470"
6. Chimney Divide Chimney Divide Raton 38.4 47.6 13.4 0.5 13,980(1
7. Cokedale Cokedale Verme jo 2.3 25.8 54.6 17.3 0.5 12,340
8. Dawson No. 3 Raton Vermejo - 38.2 49.3 12.5 0.8 13,230%*
9. Frederick Frederick Raton 2.0 30.3 58.3 9.4 0.6 13,790
0. Koehler No. 1 Raton Vermejo - 37.5 50.1 12.4 0.7 13,100~
1. Morely Morley Vermejo 1.9 31.9 53.1 13.1 0.6 12,990
12.  0Oakdale Mannoth Verme jo 7.8 38.5 44,8 8.9 0.5 11,540
3. Primero Primero Raton 2.3 29.8 58.7 9.2 0.5 13,780
4. Red Robin Turner Raton 2.3 36.1 47.0 14.6 0.6 12,530
I5. Robinson No. | Walsen Vermejo 3.9 37.6 47.7 10.8 0.6 12,340
6. Sopris Piedmont Vermejo 2.1 28.3 51.9 17.7 0.7 12,360
7. Van Houten Raton Vermejo - 37.1 51.6 11.3 0.9 13,220%
8. vankee No. 3 Yankee Raton - 38.7 48.7 12.6 0.6 12,700#
9. York Canyon York Canyon Raton - 35.7 57.2 7.1 0.4 15 150
0. Dpelagua No. 2 Delagua Raton .9 36.3 53.0 7.8 0.5 13,240

*Dry basis

(1 - Bulk core sample, washed
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7 to 18 percent (Fig. 3). Two areas on Figure 3 show
where the content is greater than 10 percent. For

the remainder of the area, the coals contain less than
10 percent ash, which is quite low compared with most
western coals.

The coals of the Trinidad-Raton basin have low
sulfur content, averaging between 0.5 and 0.7 percent
(Fig. 4). Local mines near the towns of Raton and
Walsenburg have reported coals with up to 1 percent
sulfur, mostly in the form of pyrites.

Most of the coal is high-volatile, ranging from
about 33 to 39 percent (Fig. 5). One area of medium-
volatile coal lies just west of Trinidad, where the
volatile content drops to as low as 28 percent.

Generally, Trinidad-Raton basin coals have high
fixed-carbon content (Fig. 6). All of the values 50
percent of better are underlined on Figure 5. As in
the case of the Btu values, the fixed-carbon values
also Increase from north to south.

In a number of places within the Trinidad-Raton
basin, the coal has been destroyed or altered to
natural coke by igneous intrusions (Fig. 7). The Spanish
Peaks represent a major Tertiary-age stodk, The lacco-
liths at Moreley and Vermejo Park have intruded into
sediments below the coal measures. |n numerous in-
stances, sills locally have intruded into coal beds.
This igneous activity has upgraded the coal in the area
to bituminous rank.

LOCATING THE LARGEST UNDEVELOPED POTENTIAL COAL RESERVES

We know that the quality of the coal is high,
and that the Trinidad-Raton basin has been, and still
Is in 1976, a significant coal-producing area. The
next step, then, is to delineate the largest areas of
potential coal development where core drilling and other
exploration expenses might be justified.

The first step is to inventory all available geo-
logical data and to start compiling a set of maps at
an acceptable scale. In the case of the Trinidad-
Raton basin, the scale of 1 in. = 8,000 ft was chosen
because the entire basin conveniently fits on one map.

We have examined and correlated considerable
data and have identified 9 separate coal zones in this
basin. An inventory map of each coal zone was prepared.
Figure 8 shows a portion of the Raton Coal Zone Inventory
Map. All of the data, with the exception of the coal
bed isopachs and thickness of overburden (both of which
are our Interpretation), were compiled from such sources
as the U.S. Geological Survey, U.S. Bureau of Mines,
state geological surveys, trade publications, professional
association journals, and available logs from oil and
gas tests, water wells, and core holes. -

~-'0ur experience indicates that in exploring fo

bituminous coal,. 4 ft is the minimum thickness likely -
to support economic development. These areas are in-
dicated on Figure 8. It is also desirable to know the
approximate thickness of overburden and where the coal
has been destroyed or altered to natural coke by igneous
intrusions. It Is the sills that destroy the coal, not
the well-known dikes that radiate from the Spanish
Peaks which, In fact, cause very little alteration.

From this series of inventory maps, one for each
coal zone, it [s easy to estimate the coal resources
in each township fer beds greater than 4 ft thick, and to
select prospect areas for further evaluation.

Figure 9 is a diagram showing the individual

townships and our estimates of their §0a| resources by
individual coal zome. Where the combined resources
exceed 100 million tons, they are underscored. This
provides a convenient way to determine areas of substap
tial coal resources. However, it should be recognized
that such estimates are limited by the available data,

STATUS OF MINERAL OWNERSHIP

It is now necessary to answer the question aboyt
mineral ownership and the present status of land use,
The information on Figure 10 was compiled at the same
map scale as the inventory maps; so direct comparison
is possible by overlaying one map on the other. The
mineral ownership map shows the same area as the Raton
Coal Zone Inventory Map (Fig. 8). The various stippled
and cross-hatched areas identify Federal lands, State
lands, and major fee land owners, such as CF&l Steel.
The white areas indicate smaller parcels of fee lands.
The mineral ownership map should also include any
National parks, Indian lands, military reservations,
other areas of lands withdrawn from occupancy, and,
of course, the outline of any producing oil or gas field
that may interfere with future mining activity. A
quick examination of this information tells us that
considerable fee acreage exists in the basin. However,
mineral ownership is not the only land consideration
that must be made.

What about the present status of land use?
From the land-status map (Fig. 11), we now discover
two problems, illustrated, by the large tract of land
plotted for subdivision development, and the tract
classified as recreational land. Large areas of wood-
lands and rangeland also exist In the basin.

AVAILABILITY OF WATER FOR DOMESTIC AND INDUSTRIAL USE

Water is usually a problem in the West because
there are basically two kinds of water. One is saline,
the other is fresh, and in either case there are probles
With saline water, one may have disposal problems. With
fresh water, enough is needed for plant use and local
communities, and enough must be available for future
growth of these communities. Present average consumptit
in Trinidad is about 6 million gal/day, and 2 mi111: 54
day in Walsenburg. Industrial and mine-waste waters M
be properly handled in order to avoid contamination not
only of surface waters but also of underground waters.
In the Trinidad-Raton basin, surface water generally is
in short supply. Underground water resources have not
been fully evaluated. Transmountain water diversion
into this area is not possible because the Rio Grande
River drainage west of the Sangre de Cristo Mountains
already is in short supply at the State |ine for down
stream users In New Mexico, Texas, and Mexico. Water
avaitability will be a problem for any on-site coal
conversion facility In the Trinidad-Raton basin.

MARKETS AND SHIPPING

What about potential markets and shipping? A
considerable amount of coal in this area was preViOUSIY
used as steam coal for the railroads and for local
?onsumption; however, the two principal active mines
in the basin produce high-quality metallurgical-grade
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coking coal. Both of these are captive mines. All of
the production from the Allen Mine is transported 121
mi by rail to the CFgl steel mill at Pueblo, Colorado;
and all of the production from the York Canyon Mine is
shipped 1069 mi by rail to the Kaiser Steel mill at
Fontana, California. Unit train operations seem to be
the most efficient way to transport coal out of the
Trinidad-Raton basin.

The coal in this area is lower in sulfur content
and slightly higher in ash content than the eastern U.S.
coals. Possibly, with only minor modifications to
existing eastern power plants, Trinidad-Raton basin steam
coals could be utilized
U.S. markets. The rail distance from the York Canyon
mine to Fontana, California is about the same as from
Trinidad to Chicago or to New Orleans. This raises
the possibility of using New Orleans as an export
terminal for shipments of high-grade metallurgical coal
to foreign markets, especially to South America, where
metallurgical coal is in short supply.

A coal-slurry pipeline from Walsenburg to the
Gulf Coast has been proposed by Houston Natural Gas
Company. Because about | million gal/day of water is
required to move 3,500 to 4,000 tons of coal a day
through a slurry pipeline, and because of the apparent
water problem, we believe that unit-train shipment of
coal from the Raton basin is more likely to occur first.

DEVELOPMENT OF MINE-MOUTH ENERGY COMPLEX vs
EXPORTING COAL OUT OF BASIN

In considering this aspect, we ask why is the
Comanche steam-electric power generating plant of the
Public Service Company of Colorado, located in Pueblo,
burning about 3 million tons per year of Wyoming coal,
being shipped by unit trains 600 miles from the Amax
Belle Ayre Mine at Gillette? The answer is purely eco-
nomic. Public Service Company worked out a favorable
long=-term contract with Amax Coal Company and negotiated
a unit train arrangement with Burlington Northern Rail-
road. |In addition, Public Service Company also owns the
unit train coal cars. The large reserves at Belle Ayre
were readily available, relatively low priced at the
time, and sufficiently large to guarantee an uninterrup-
ted long-term fuel supply. Nevertheless, it does seem
feasible that one or more smaller steam-electric gene=
rating plants using local coal could be sited in the
area at the time that electric demand requires it; how-
ever, it appears unlikely that this will happen in the
near term.

We have looked into the possibility of mine-mouth
gasification plants for the Trinidad-Raton basin, but
this form of conversion does not seem feasible at this
time., A gasification plant with a capacity of 250 mil-
Vion cu ft/day of pipeline-quality (900 plus Btu/MCF) gas
would require about 20,000 tons/day of coal from the Trin-
idad-Raton basin on a sustained basis. At this rate of
consumption, the plant would require production from two
or more large (probably underground) mines producing si-
multaneously, or from one large underground mine produc-
ing simultaneously from at least two separate coal beds
because of the relative thinness of the seams in the ba-
sin. In either case, production costs would be high. For
comparison, the largest underground coal mine in the Unl-
ted States produced an averaue of 11,300 tons/day in 1975.

On the other hand, because of the high Btu values
of the Raton basin coal, the area does seem to be a

in Mid-Continent and south-central

cer s ificati
candidate for in-situ liquification or gasification onc

these experimental techniques have been $U|‘Y1t35tedaw
developed. The economics of this type O coa C?“V§Hwn
appear to be favorable. Also, the U.S. Bureau OT Mines
considers the Trinidad-Raton basin a p?t?ntlal site for
degasification of coal beds ahead of mining. The
Bureau of Mines and the Colorado Geological Survey are
currently investigating the possibility of drlll!ng test
wells in the area for the purpose of methane drainage
experiments.

THE COSTS OF DEVELOPING A COAL MINE
TRINIDAD-RATON BASIN

IN THE

The U.S. Bureau of Mines has made some ex-
cellent and detailed studies on the basic estimated
capital investment and operating costs required for
both underground and strip mines, covering mines of
hypothetical sizes in different parts of the United
States. Our latest information, from discussions
held with Bureau of Mines experts, is that a one
million-ton/yr strip mine at today's costs would
probably require a capital investment of approxi-
mately $15 million; the same size underground mine
would require an investment of about $24 million.
In addition to the capital investment cost, it also
would be advisable to estimate and project operating
costs/ton against the probable future demand and
estimated sales price/ton. This, of course, is
only an exercise in speculation. However, a compe-
tent engineering department in collaboration with
an economist should be able to arrive at workable
numbers.

THE OCCURRENCE OF OTHER ENERGY MINERALS IN THE BASIN

Although about 160 oil and gas tests have
been drilled in the Trinidad-Raton basin, no major
economic discoveries have been made to date. How-
ever, the petroleum potential of the region appears
to be favorable. With sufficient drilling, it is
probable that commercial discoveries will be made--
of gas, more likely than oil.

Minor uranium occurrences have been reported
along the western margin of the basin, but no commer-
cial production of uranium has been attained.

0il shale does not occur in the basin, and
the area is not considered to be a potential site
for geothermal power.

ENVIRONMENTAL AND ECOLOGICAL CONSIDERATIONS

Past and present coal mining in the area
has had a minimum adverse impact on the environment
and ecology. Stream and/or air pollution from pre-
sent coal mining operations do not occur, and, with
reasonable safeguards, should not occur as a result
of future operations.

In the Trinidad-Raton basin, the restoration
of a strip mine would involve less work and be less
costly than restoration of strip mines in the norther
Rocky Mountain states. Among the favorable factors
in the Trinidad-Raton basin are the thinness of coal
beds (4 to 8 ft), the relatively high rainfall com-
pared to desert and plains areas. and the high per-
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centage of rangeland and woodland. The high rainfall
factor would provide more than adequate moisture for
revegetation practices, and the rangeland and wood-
land in this area would be relatively easy to restore.

Restoration procedures now utilized at the
waste coal dumps at Kaiser Steel Corporation's York
Canyon mine are excellent and could be used as a
model for the restoration of any future strip mines
in the area. |In the case of underground mines,
little restoration would be necessary.

There is abundant wildlife in the area, con-
centrated mainly in the upper rangeland, woodland, and
higher elevations west of Walsenburg and Trinidad,
Colorado, and Raton and north of Cimarron, in New
Mexico. The main species in the basin are mule deer,
elk, turkey, bear, band tail pigeon, mountain lions,
bobcats, and coyotes. Antelope are common on the
plains to the east. Rare and endangered species
reported in the area are black-footed ferrets,
peregrine falcons, prairie falcons, the southern
bald eagle, and probably the Rocky Mountain wolf.

CONCLUS IONS

We hope that our information and illustrations
have demonstrated the usefulness of the basin
evaluation concept, which we recommend as a simple
first-step approach to exploration of any coal region.

R. S. BRYSON

In the case of the Trinidad-Raton basin, our
conclusions are as follows:

1. The basin contains high-quality bituminous
coal, mostly of metallufglcal grade, and
it appears that the undnscovgred_coal re-
sources are large enough to justify
spending exploration dollars. )
Should sufficient reserves be established
in the exploration phase, the economics
appear favorable for opening an under-
ground mine in the 1 million ton/yr
category.
The underground water resources need to
be examined in greater detail if on-site
use of the coal is anticipated.
The acreage status appears to be favor-
able inasmuch as there exists a high per-
centage of fee and State lands relative to
Federal lands.
A mine-mouth coal gasification plant does
not seem to be feasible in the foreseeable
future; however, in-situ gasification or
liquefaction might be possible when the
~~~technology is availab]a_ _wer=r—""" \
6. Markets in the Midwest and the south-
central U.S. are possible. Export to .
South America via New Orleans might EE/j
" possible., _ S
Finally, a well-designed mine operation
should have little adverse effect on
the environment.




STRATIGRAPHY OF THE COALS
OF THE SAN JUAN BASIN

JAMES E. FASSETT: U.S. Geological Survey

Farmington, New Mexico 87401

ABSTRACT:

The coal beds of the San Juan basin of New Mexico and Colorado were deposited in the SCI-SWO (sea

came in -- sea went out zones; Fassett, 1974) at the west margin of the epicontinental seaway that bisected North

America during Late Cretaceous time.

Coal deposition was closely related to regressions and transgressions of the

shoreline; thus, coal beds occur close to littoral sandstone beds laid down near the margin of the Cretaceous sea.

The thickness and lateral continuity of these coal beds apparently are a function of a combination
occurring not only at the site of coal deposition, but also,
these events can be isolated and studied, then perhaps the origin of thick or widespread coal beds

easlily understood.
of the facets of coal formation,

INTRODUCTION

The San Juan basin Is in northwestern New Mexi-
co and southwestern Colorado, near the common corner
of Colorado, Utah, Arizona, and New Mexico in what is
known as the Four Corners area; it gncloses an area of
about 7,500 square miles (19,400 km“) and is about 100
miles (161 km) long (north-south) and 90 miles (145
km) wide (east-west). The Navajo, Ute, and Apache
Indian Reservations occupy parts of the basin. The
basin contains a series of coal-bearing Upper Creta=-
ceous strata which are associated with either regres-
sive or transgressive shoreline deposits. These coal-
bearing units are, from oldest to youngest, the Lower
(?) and Upper Cretaceous Dakota Sandstone and the
Upper Cretaceous Dilco and Gibson Members of the Cre-
vasse Canyon Formation, the upper and lower parts of
the Menefee Formation, and the Fruitland Formation.

-This paper describes the stratigraphy and environment
of deposition of the Fruitland Formation coal deposits.
Most of the material in this report was previously
presented by Fassett and Hinds (1971).

STRAT I GRAPHY
Fruitland Formation and Kirtland Shale

The outcrop pattern of the Fruitland Formation
and Kirtland Shale (Fig. 2) defines the San Juan
basin as used in this paper. The outcrop encircles
the basin except for the two areas on the east side
where it Is missing, The most significant geogra-
phic features shown on the map are the San Juan,
Animas, and La Plata Rivers, which come together at
Farmington. The Kirtland-Fruitland rocks dip toward
the center of basin--about 1° - 2° along the west and
south sides and as steeply as U459 on the east and north
sides.

The coal deposits discussed in this report are
mainly in the lower part of the Fruitland Formation.

1976 Symposium on the Geology
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Map showing distribution of the undivided Fruitland Formation and Kirtland Shale in the San Juan basin.

The outcropping rocks shown bounding the basin are the Fruitland Formation and the Kirtland Shale, undivided (Kkf),

The relation of the Fruitland to overlying and under-
lying rock units and their ages are shown on Figure 3.
The marine Lewis Shale contains the Huerfanito Benton-
ite Bed, which represents a volcanic ashfall into the
Lewis sea and is used as a datum for some of the cross
sections in this report; the Pictured Cliffs Sandstone
represents, for the most part, a regressive beach and
littoral deposit that marks the final regression of
the sea from the San Juan basin area; the Fruitland
Formation comprises paludal and fluvial deposits; the
Kirtland Shale is depositionally similar to the Fruit-
land Formation but contains no coal; and the 0jo Alamo
Sandstone represents fluvial deposits and unconform-
ably overlies progressively older rocks from west to
east across the basin,

STRUCTURE

The basin is clearly asymmetric (Fig. 4); the
rocks on the east side dip steeply west, whereas
those on the west side dip gently to the east.

COAL DEPOSITION

The Fruitland Formation coal resources in the
San Juan basin are closely related to the Pictured
Cliffs Sandstone; thus, a reconstruction of the geo-
logic history of the Pictured Cliffs is helpful in
determining the environment of deposition of the
Fruitland coals. Figure 5 shows the position of the
San Juan basin area relative to the epeiric sea which
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Fig. 5. Configuration of the epicontinental western interior seaway during late Campanian time showing the
position of the San Juan basin (from Gill and Cobban, 1966, Fig. 15).
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Fig. 7. Paleogeographic sketch map of part of the
San Juan basin area during deposition of the Pictured
Cliffs Sandstone and the Fruitland Formation and
Kirtland Shale. The scale normal to the shoreline

is obviously greatly compressed. Hachured areas
represent coal swamps.

bisected the North America continent during Late
Cretaceous time (Gill and Cobban, 1966). Because the
basin was on the western margin of the sea in the
SCI-SW0 zone, it received alternately marine and non-
marine sediments as the shoreline retreated and
advanced.

The four cross sections in Figure 6 represent
progressively younger times in the history of the
basin area. Overall, the Pictured Cliffs is a re-
gressive sandstone with minor transgressive layers.
The sea regressed from the basin area because of in-
filiing by sediments along the western margin of a
continuously subsiding trough. The rate of migration
of the shoreline was directly related to a balance
between the rate of subsidence of the seaway and the
rate of sediment influx. At first (Fig. 6A), sedimen-

tation exceeded subsidence; thus, the shoreline shifted

to the northeast. |In this situation any back-shore
coal swamps that might have developed would have been
buried rather rapidly by continental deposits and re-
sultant coal beds would be relatively thin. Then
(Fig. 6B), the rates of sediment influx and subsidence
were about equal, resulting in a vertical upbuilding
of littoral sandstone. The coastal swamps thus would
have been geographically stable, allowing for a large
vertical buildup of vegetal matter yielding thick coal
beds. After sediment influx was less rapid than sea-
way subsidence (Fig. 6C), the shoreline advanced over

previously deposited continental sediments. In this
situation coastal swamps would have been filled by
marine sediments and vegetal matter builTdup would have
ceased, limiting the thickness of the coal. After
sedimentation had exceeded subsidence (Fig. 6D), the
shoreline regressed northeastward and there was re-
gression and little or no coal buildup.

Paleogeography of Pictured Cliffs Time

A paleogeographic map of part of the San Jyar
basin area (Fig. 7), constructed at the time of crosg
section B (Fig. 6), shows the environments of deposi-
tion which paralleled the shoreline during Pictured
Cliffs time. The sea is to the northeast; the
coastal swamp environment lies just inland from the
shoreline; farther inland are floodplain and river and
floodplain environments of deposition; and to the
southwest a rising highland furnishes sediments that
are being carried to the sea. The highland most cer-
tainly was hundreds of miles from the sea. The lat-
eral extent of coastal swamps is limited by rivers that
cut through the swamp environment to the sea. Clearly,
a delicate balance is necessary for the ultimate
buildup of thick coal beds. An increase in the influ
of continental sediment would fill the coastal swamps;
conversely, a decrease would result in the sea moving
inland, filling the coastal swamps with marine sedl-
ments.

Deposition of Pictured Cliffs Sandstone

A stratigraphic cross section (Fig. 8) con-
structed across the San Juan basin from southwest to
northeast shows the stratigraphic rise of the
Pictured Cliffs Sandstone across the basin relative
to the Huerfanito Bentonite Bed. From the previous
discussion, the thickest coal beds of the Fruitland
Formation would be expected southwest of the largest
stratigraphic rises in the position of the Pictured
Cliffs Sandstone.

The isopach map (Fig. 9) of the interval be-
tween the Huerfanito Bentonite Bed and the top of the
Pictured Cliffs rises from southwest to northeast
across the San Juan basin; it is only 200 ft (61m)
above the Huerfanito Bentonite Bed in the southwest,
whereas it Is 1,200 ft (366m) above this datum in the
northeast. The area where the 800-, 900-, and 1,000
ft isopachs are grouped togetheF represents the larges
stratigraphic rise of the Pictured Cliffs; thus, one
might expect to find the thickest Fruitland coal
beds southwest of this area. Also, these isopach
lines presumably closely parallel old shorelines of th
Pictured Cliffs sea and thus should furnish a clue &
to the orientation of thick Fruitland coal beds,
which also should parallel those shorelines.

FRUITLAND FORMATION COAL

Thickness

Figure 10 is an isopach map showing total thid
ness of coal deposits in the Fruitland Formation
throughout the San Juan basin. Subsurface control for
this map is based on geophysical logs of several }
hundred oil and gas welis. The logs used to pick the &
coals were mostly electric logs, but where availablée
gamma ray-neutron logs and drilling-rate records wert :
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ied to confirm the electric-log coal picks. As this
ip shows, total coal thickness ranges from less than
) ft (3 m) to more than 70 ft (21 m). In the areas
* thinner coal, only one coal bed may be present.

e area of thickest coal == 70 ft (21 m) == in the
in Juan basin is southwest of the largest stratl-
‘aphic rise of the Pictured Cliffs Sandstone, as
jown on Figure 9. Another area of thick coal ==

) ft (9 m) -- Is present in the southwest part of the
1sin,

Hallty

An important part of the Fruitland Formation

1al study was the collection of more than 60 coal
mples from wells being drilled throughout the San
‘an basin, The method of collecting and processing
ese coal samples was described by Hinds (1964), The
al samples were analyzed by the U. S. Bureau of
‘nes and had as-received heating values ranging from
000 Btu/1b to more than 13,000 Btu/lb. The as-
ceived values were not amenable to the construction

an iso=Btu map, although generally the highest

lues were clustered in the northwest part of the
sin. The molsture- and ash-free Btu values, however,
rmed a uniform pattern when contoured, ranging from
’,500 Btu/1b in the southwest to 15,500 Btu/Ib in the
rth (Fig. 11), The values may decrease from the
500 Btu line northeast toward the edge of the
sT; however, Btu control for this part of the
sin is scarce. The reason for this pattern is not
own; it could result from deep burial of the coal,

or it could be related to ctimatic changes or other
unknown environmental conditions existing during
Fruitland Formation coal deposition.

The Fruitland Formation coal resources (from
Fassett and Hinds, 1971) are shown on Table 1 in
several thlckness-of-overburden categories. The
total coal resources for the Fruitland Formation in the
San Juan basin are 201.136 billion tons (182.5 billion
metric tons), Of these 200-plus billion tons (180-
plus billion metric tons) of coal present in the
Fruitland Formation, only about one-half of the 1k4.6
billion tons (13.24 billion metric tons) in the 0-500-
ft (0-152-m) overburden category Is recoverable by
current strip-mining techniques.

SUMMARY

The Upper Cretaceous Fruitland Formation
contains vast coal resources in the San Juan basin of
New Mexico and Colorado. These coals are concentrated
in the lowermost part of the Fruitland Formation, and
individual coal beds usually have their long dimension
oriented parallel to ancient Pictured Cliffs shorelines
=-northwest=-in most of the basin area. In addition,
the thickest total coal -- 70 ft (21 m) =- is
southwest of the largest stratigraphic rise in the
position of the Pictured Cliffs Sandstone. Perhaps
recognltlon of similar environments of deposition in
coal basins where control is less abundant than.in
the San Juan basin may help in exploration for thick
coal deposits.

i
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the base of the Fruitland Formation,
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Fig. 11. Map showing contours of equal Btu values (moisture- and ash-free) for Fruitland Formation coal across

the San Juan basin. Outcropping rocks bounding the basin are the Fruitland Formation and Kirtland Shale, andivide
(Kkf).



COALS OF SAN JUAN BASIN 71

Table 1.--Fruitland Formation coal resources

oceurring in various overburden categories in the

San Juan basin (Fassett and Hinds, 1971)

Overburden

thickness (ft)

Coal, in
millions of short tons

0-500000caiionncnes
500=1,0000 e c0ssesnsss
1,0002,0000 ¢4 easansnes
2,000-3,0004 0 c00iosecns
3,000-4,00000000c0csces

Over 4,000cecececcccece

Totaleseooooiososones

14,638
13,868
27,937
58,808
82,824

3,061

201,136
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Underground coal mine, Durango field, La Plata County.
Colorado



__unconformably overlie them in the more central portions of the basins.
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WYOMING COAL DEPOSITS

GARY B. GLASS:
Laramie, Wyoming 82071

ABSTRACT :

The Geological Survey of Wyoming

Wyoming has nearly a trillion tons of coal underlying about 41 percent of its land area.

This coal

occurs in Cretaceous and Tertiary coal-bearing rocks which crop out in 10 major basins, regions, or fields

scattered across the State.

While mountain building, folding, and subsequent erosion has restricted many

Cretaceous outcrops to narrow bands around the margins of the coal-bearing areas, younger Tertiary rocks

Tertiary rocks are often nearly flat-

lying, while Cretaceous rocks exhibit steeper dips and more complex folding.
Coals within these rocks range from less than 1 ft thick to over 200 ft in thickness, and occur at

both shallow and great depths.
thick in western Wyoming.

In various nearshore environments (paralic) associated with a widespread Cretaceous seaway.
were developed In Intermontane basins and are probably limnlc in origin.

Cretaceous coals, which seldom exceed 10 ft in thickness, range up to 110 ft
The majority of the Cretaceous coals, especially the thinner ones, probably formed

Tertiary coals
Tertiary coals often exceed 10 ft

in thickness and 70-100 ft thicknesses are common, especially in northeastern Wyoming.
While Cretaceous coals are bituminous to subbltuminous In rank, Tertiary coals are either subbituminous

or lignitic.
coals across the State.

INTRODUCTION

With an estimated one trillion tons of coal
underlying 41 percent of Wyoming (Averitt., 1975), a
short summary of the State's coal deposits is no easy
‘task. Consequently, this review consists of a gener-
alized discussion of the distribution and age of the
coal-bearing rocks, followed by brief summaries of
the history of coal deposition and selected character-
istics of the coals.

By way of background, Wyoming's coal-bearing
rocks were deposited during either the Cretaceous
Period, some 66-135 million years ago, or during the
younger Tertiary Period, 38-66 million years ago. De-
positional environments and climates during both of
these periods were at least periodically well-suited
to the development of densely vegetated swamps that
have since been transformed into the coals that under-
lie much of the State.

The individual geological formations that con-
tain these coals characteristically are thick, each
usually ranging from 700-7000 ft in thickness. The
Cretaceous formations normally exhibit gradual, re-
gional thickening or thinning across the State. The
thicknesses of the various Tertiary formations, how-
ever, vary from basin to basin, and are more related
to the local tectonic and depositional events that
affected each of the coal-bearing areas than they are
to larger regional events.

Although Cretaceous rocks are the most wide-
spread coal-bearing rocks in Wyoming, they usually
only crop out as narrow bands of upturned rock around
the margins of the larger structural basins and up-
lifted areas of the State or as irregular, linear
bands in the thrust belt of western Wyoming.
flat-lying Tertiary rocks, on the other hand, occupy
the central portions of most of the coal-bearing areas,
where they overlie the older Cretaceous rocks. Even

1976 Symposium on the Geology
of Roeky Mountain Coal, p. 73-84

Relatively

These differences In rank alone account for a significant geographic variation in the quality of

the Tertiary rocks often exhibit steeper dips as
they approach the margins of the coal-bearing basins
and regions.

Both the Cretaceous and Tertiary coal-bearing
formations contain numerous coals separated from each
other by as little as a few inches of shale or clay-
stone, up to hundreds of feet of rock that ranges from
coarse sandstone or conglomerate to siltstones, clay-
stones, and shales. Although the Cretaceous coals
interspersed in these rocks are generally less than
10 ft in thickness, in westernmost Wyoming a few Cre-
taceous coals are 30-100 ft thick.

The Tertiary coals often exceed 10 ft in thick-
ness, with 30-80-ft-thick coals common. Locally, at
least one Tertiary coal reaches 220 ft in thickness.

The quality of Wyoming's coals varies irregu-
larly across the State, often simply because of varia-
tions in rank. While the highest ranked coals in the
State are bituminous coals of Cretaceous age, some
Cretaceous coals are only subbituminous. The Tertiary
coals range from subbituminous to lignitic in rank.
For this reason, variations in moisture, volatile
matter, fixed carbon, and heat values of Wyoming coals
equate more to the rank of the coal than to paleo-
depositional events. Ash and sulfur contents are
characteristically low and are related to the deposi-
tional histories of the coals rather than to any dif-
ferences In rank.

Before beginning a more detailed discussion of
the coal deposits within the State, it should be noted
that correlation of individual coals across most of
the coal-bearing areas, or even across a coal field,
Is seldom documented. For this reason, the correlation
of a coal from one coal-bearing area to another Is not
yet possible. In fact, correlation of some coal-
bearing formations from one basin or region to another
Is speculative.
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Fig. 1. Coal=bearing areas of Wyoming.

COAL-BEARING AREAS

Coal-bearing rocks presently crop out in 10
major areas of the State. Figure | shows that these
coal-bearing areas, which are nearly all isolated from

one another, are designated as discrete basins, regions,

or single coal fields. Each of the basins or regions
Is divided into numerous smaller coal fields defined
over more than a century of mining activity.

Powder River Coal Basin

The Powder River basin Is a structural as well
as a topographic basin that covers more than 12,000 sq
mi of northeastern Wyoming and extends northward into
southern Montana. The basin formed during the Tertiary
age Laramide Orogeny, when Cretaceous and early Terti-

ary rocks were folded into an asymmetric syncline that
left the older rocks upturned on the flanks of the
basin. Even as folding apnd subsidence occurred, younger
Tertiary rocks were deposited, at least from time to tm
unconformably over the older rocks. Today the Eocene
rocks of. the basin exhibit almost imperceptible dips.
Dips on the Paleocene rocks, which are only 2-5 degrees
on the east flank, however, steepen to 7-15 degrees on
the west side of the synclinal axis.

Some local faulting is also mapped in the
western and northern part of the basin, but faulting
is not pronounced.

— The_Powder River coal basin is the most pro-
lific coal-bearing area in Wyoming, with more than one
half of the State's coal resources, or an estimated
GQQLLQQ billion tons of coal lying within Its borders.
This coal occurs in 4 formations ranging from Upper
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Cretaceaus to Eocene In age (Fig. 2). Collectively,
these coal-t bearing rocks account for 7000 ft of the
8000 ft of rock above the Upper Cretaceous Pierre

(Steele) Shale.

Although the Upper Cretaceous Mesaverde and
Lance (Hell Creek) FormatTomsYocally contain some
J-&-frrLhick i0ale_In [ southern portion of the
Ea=lr, the most persisteft and thickest coals occur
in the upper part of the 2000-3000-ft-thick Paleocene
Fort Union Formation (Tongue River Member) and in the
nae=20=F{= fﬂ'ck Eocene Wasatch ‘Formation. In fact,

Important coal-bearing sequences in Wyoming.

The_fgg;_ﬂnlnnainxmijjgﬂ csals, which are best
davalaped_in the muarthern_and £a5Le n portions of
the basin, consist ‘afF E |1 thick, “subbituminous coals
[Flg."3T, “One, Che Wrilah- “AndaTaen cnal, frequently
ranges between 50 and 100 ft thick. The outcrop of
this coal has been mapped for more than 100 mi on the
eastern side of the basin. The Wyodak-Anderson coal
has also been tentatively correlated into the Sheri-
dan area 60 mi across the basin.

The Wasatch Formation contains as many as 8
persistent, thick coals. The thickest Wasatch coal
occurs at Lake DeSmet, on the west side of the basin.
There, the Healy coal locally exceeds 200 ft in
thickness.

Hanna Coal Field

Up to 23,000 ft of coal-bearing rocks crop
out in the Hanna coal field, which occupies a 750-sq-ml

—— e ——— —— e
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N

Fig. 2. Coal- bearing formatlons in the Powder River
basin,
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Fige 3. Coal nomenclature in the Powder River basin.

area of south-central Wyoming. Simply stated, these
rocks lie In a deep structural trough that is divided
into two separate basins by a large northeast-trending
anticline. The Hanna basin lies to the north; the
Carbon basin lies to the south. Like other intermon-
tane basins in the State, this trough formed during

the Laramide orogeny. The Hanna basin, however, is
rather atypical in that it not only is extremely deep
for its size, containing 30,000-35,000 ft of sedimentary
rock overlying the Precambrian crystalline basement,

but also most of these rocks are tightly folded and
faulted. Even the Eocene-age rocks steepen to verti-
cal on the flanks of the basin, especially in the north.
Flatter dips in the central portion of the Hanna coal
field average 5-15 degrees.

Faulting is quite common in the central part
of the field, as well as around its flanks. Vertical
displacement on high-angle faults in the central part
of the Hanna basin varies from a few feet to as much
as 400 feet. Cross-faulting between major northwest-
southeast trending faults are also abundant, at least
in the west-central part of the Hanna basin.
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Coals occur in the 2000-2500-ft-thick Upper
Cretaceous Mesaverde Group and in the 4000-6500-ft-
thick Medicine Bow Formation, as well as in the Terti-
ary Ferris and Hanna Formations (Fig. 4).

Although the Mesaverde bituminous coals are
few in number and thin, as many as 15 Medicine Bow
coals of subbituminous rank exceed 3 ft In thickness \
in the basal portion_of that formation. A maximum
thickness of 11 ft has been reported. These coals are
not particularly persistent.

The oldest major coal-bearing unit is the
7000-ft-thick Cretaceous-Paleocene Ferris Formation,
which contains an estimated 45 subbituminous coals
(Fig. 5). Twenty of these coals are over 3 ft thick.
Although at least one Ferris coal reaches 24 ft in
thickness, most Ferris coals, though numerous, are
less than 6 ft thick.

While the basal 5000 ft of the overlying Hanna
Formation is very probably Paleocene in age, the upper
2000 ft is of Eocene age. The Hanna Formation contains
about 20 coals, most of which at least locally exceed
3 ft in thickness. More importantly, the Hanna No. 1,
No. 2, and No. 5 coals range up to 30 ft, 36 ft, and
29 ft thick, respectively.

~ Although outcrops of the more persistent coals
in the Ferris and Hanna Formations have been traced
for distances up to 15 mi, outcrops of many coals
cannot be mapped laterally for more than a few thousand
feet.
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Fig. 4. Coal-bearing rocks in the Hanna coal field.
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Green River Coal Region

The Green River Coal Region covers about 15,400
sq mi of southwestern Wyoming. It is structurally com-
plex, with the Rock Springs uplift rising in the south-
central portion of the region, thus separating the Green
River (or Bridger) basin from the basins east of the up*
1ift. East of the Rock Springs uplift, the low-relief
Wamsutter arch divides the Washakie basin from the
Great Divide basin to the north.

Cretaceous rocks dip 4-10 degrees on the east
flank of the uplift, and Increase to 6-20 degrees on
the west flank. These same Cretaceous rocks dip 20-

60 degrees on the extreme eastern margin of the region.
The younger Tertiary rocks are fairly flat-lying ex-
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cept on the eastern side of the region, where the
Paleocene rocks, at least, dip up to 12 degrees west-
ward.

Faulting is more pronounced In the Rock
Springs area than in the Hanna basin. Faults trend
northeast-southwest across the uplift, leaving long,
narrow fault blocks bounded on either side by high-
angle faults. Vertical displacements on these faults
vary from inches to hundreds of feet.

Coals In the Green River region occur in the
Mesaverde Group and In the Lance Formation, both of
Upper Cretaceous age; in the Fort Union Formation, of
Paleocene age; and in the Wasatch Formation, of Eocene
age (Fig. 6). The total thickness of all of these
coal-bearing rocks in the region is 9,000 ft.

In the Rock Springs area, Mesaverde coals are
found in the 1400-ft-thlck Rock Springs Formation near
the base of the Group and in the 500-ft-thick Almond
Formation, which marks the top of the Mesaverde se-
quence. Rock Springs coals reportedly_.range up to 10-
14 ft thick, but 4-6-ft- thick coals are more common
(FTg. 7). Some =F the more persistent coals have been
traced for 30 ml along the north and west flanks of
the uplift. The subbltuminous Almond coals, on the
other hand, are more numerous, but seldom exceed

8 ft in thickness. Coals in the Mesaverde Group on the

eastern side of the Green River region average less

WASATCH
EOCENE (3300 FEET)

FORT UNION

(1000 FEET)
LANCE
PR ﬁu B (750 FEET)
2 | S =FOX HILLS (200 FEET)
S LEWIS SHALE (800 FEET
q
h — " ——
] ALMOND
e [nN (500 FEET)
(&)
ERICKSON (700 FEET)
' AN
i "‘x_:‘x_x*{‘x_‘ ROCK SPRINGS
a '-."'-._ (1400 FEET)
- ] W -y
L 11 coaL
LY Hom ZaWY

Fige 6. Coal bearing rocks in the Green River region.,
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Fig. 7. Coal nomenclature in the Rock Springs
Formation of the Green River region.

than 4 ft thick, but locally reach 16 ft.

Subbitumlnous coals of the Lance Formation are
best developed on the east flank of the Rock Springs
uplift, where they average 5-10 ft thick. Outcrops
on the east side of the Green River region indicate
fewer coals in the Lance, but the maximum thickness
increases to 20 ft.

Coals occur in the 1000-ft-thick Fort Union
Formation and in the 3300-ft-thick Wasatch Formation
throughout the basin. Thick accumulations of younger
noncoal-bearing rocks, however, overlie these and older
rocks over most of the Green River and Washakie basins.
Fort Union coals in the western part of the Great Divide
basin Tocally reach 30 ft in thickness. Six-to 16-ft-
thTck subbTtuminous coals are described on the east
side. Wasatch coals are apparently best developed on
the east side of the Great Divide basin, where at
least 10 coals, ranging from 5-43 ft thick, have been
mapped along outcrop for 6-20 mi. These Wasatch coals
are reportedly subbituminous in rank, lenticular, and
grade into shale to the east and west.

Hams Fork Coal Region

The Hams Fork coal region is unique from the
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other coal-bearing areas of the State because it is
folded and thrust-faulted. It is characterized by
a folded Paleozoic and Mesozoic sequence thrust east-
ward over folded Cretaceous rocks. The youngest
Cretaceous and Tertiary rocks of the area were then
unconformably deposited on top of the folded and
faulted post-Cretaceous and older Cretaceous rocks.
Consequently, the coal-bearing rocks in this region
now crop out in long, narrow belts bounded by thrust
faults, or the flanks of eroded folds.

The coal-bearing rocks of this region are the
Bear River, Frontier, and Adaville Formations of Cre-
taceous age, and the Evanston Formation of Paleocene
age (Fig. 8). Collectively, these formations account
for a little less than one-half of the estimated
20,000 ft of rocks above the Jurassic.

of this 9,200 ft of coal-bearing rock, the

Bear River and Evanston Formations, which are each 500-

1000 ft thick, contain the least amount of coal. The
Bear River coals, in particular, are usually thin or
absent. The Evanston Formation evidentally contains
some thick coals (24-30 ft thick), at least north of
Evanston.

The oldest principal coal-bearing formation in

the region is the 2200-2600-ft-thick Frontier Formation.

Thick and persistent coals apparently are restricted
to the middle and top of the formation, where 3-20-ft-
thick coals are reported. Most Frontier coals, how-
ever, are less than 6 ft thick. In the eastern part
of the region, the thicker and more persistent coals
can be traced along the outcrop for more than 100 mi.
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The Adaville Formation, which may be equivalent
in age to the Mesaverde, Lewis and Lance Formations
of the Green River region, is without question the
most important coal-bearing rock unit in the Hams Fork
region. Ranging from 2900-4000 ft in thickness, this
formation contains more than 32 coals within a 1000 ft
interval, many -of which are much thicker than the other
wals of this age in Wyoming (Fig. 9). Although several
of these subbituminous coals are 10-30 ft in thickness,
the basal Adaville coal, the Adaville No. 1, is locally
110 ft thick.

Although a zone of Adaville coals can be
traced for almost 100 mi, individual coals within the
zone are not so persistent. This coal zone perhaps
best typifies the variable thickness of individual
coals, the splitting and coalescing nature of coals,
and the various lithologies associated with coals,
ranging from sandstones and conglomerates to silt-
stones, claystones, and shales (Fig. 10).

Bighorn Coal Basin

The Bighorn coal basin is a broad structural
and topographic basin that occupies about 4400 sq mi
of north-central Wyoming. Local folding characterizes
the flanks of the basin. These small folds create
local dips at various angles to the overall synclinal
structure of the basin. Dips from 5-50 degrees are
common in these border areas. There are also numerous
normal faults on the flanks of the syncline, especially
in the northern half of the basin. Most of these
faults trend northeast-southwest, with vertical dis-
placements up to 250 ft reported.

Principal coal-bearing rocks are the Upper
Cretaceous Mesaverde, Meeteetse, and Lance Formations
and the Paleocene Polecat Bench (Fort Union) Formation
(Fig. 11). These formations, which total 6,000 ft in
thickness, crop out in a 3-5-mi-wide zone around the
basin. In the central part of the basin, these coal-
bearing rocks are buried beneath another 6,000 ft of
Eocene rocks, barren of coal except for a few thin lenses
of shaly coal or coaly shale.

Most of the Upper Cretaceous coals are described
as lenticular and of limited extent, especially along
the eastern side of the basin. The Mesaverde coals,
which are subbituminous in all but the northern part
of the basin, where they become bituminous, are
persistent and sufficiently thick in the southern
part of the syncline that they can be mapped for up to
3 mi along strike. Most Mesaverde coals are less than
6 ft thick, but they reportedly thicken to 12 ft in
places.

Meeteetse coals evidentally thicken to as much
as 11 ft when numerous thin coals coalesce into inter-
bedded coal and shale units. |In comparison, Lance coals
are usually less than 1 ft thick.

The Paleocene Polecat Bench Formation contains
the thickest coals in the basin. The maximum thick-
ness for these coals is 38 ft. Usually the Paleocene
coals are less than 9 ft thick. The Polecat Bench
Formation generally exhibits shallower dips than do
the older rocks in the basin.

Wind River Coal Basin

. The Wind River coal basin is a large asymmet-
rical syncline and topographic basin in central

79

Wyoming. Dips are steeper on the northern side than
on the southern. Many minor folds and a number of
faults complicate the structure of the basin.
Coal-bearing rocks are approximately equivalent
to those in the Bighorn basin and consist of the Mesa-
verde and Meeteetse Formations (Upper Cretaceous) and
the Fort Union Formation (Paleocene age). Coals only
crop out on the flanks of the syncline, inasmuch as
coal-bearing rocks in the central portion of the basin
are under considerable cover. All of the Wind River
basin coals are believed to be subbituminous in rank.
Jackson Hole Coal Field
The Jackson Hole coal field is an extension
of the Green River region into northwestern Wyoming.
The field is underlain by coal over an area of 700 sq
mi. Subbituminous coals occur in the Upper Cretaceous,
Paleocene, and Eocene rocks.

Black Hills Coal Region

This small coal-bearing area is located in
extreme northeastern Wyoming. At least one bituminous
coal crops out in a narrow, discontinuous belt through
the region. The coal belongs to the Lower Cretaceous
Lakota Conglomerate. It locally thickens to as much
as 10 ft of coal.

Rock Creek Coal Field

The Rock Creek coal field is a small field
southeast of the Hanna coal field. Coals occur in the
Mesaverde Group of Upper Cretaceous age and in the
Hanna Formation of Paleocene and Eocene ages. The
thickest and most persistent coals are in the Mesa-
verde Formation in the northwestern part of the field.
One Mesaverde coal reportedly attains a thickness of
17 ft. All of the coals in this field are reportedly
subbi tuminous in rank.

Goshen Hole Coal Field

The Goshen Hole coal field is in the south-
eastern corner of the State. There reportedly are
coals in the Upper Cretaceous Lance Formation, but
very little is known about them. O0il and gas well
logs suggest that there may be thicker coals in the
area than the 2.5-ft-thick coals that have been re-
ported. Much of this field is covered by younger
rocks, which contain no coal.

COAL-BEARING FORMAT IONS
Lower Cretaceous

In review, the oldest coal-bearing formation in
Wyoming is the Lower Cretaceous Lakota Conglomerate
(Fig. 12). This formation contains at least one coal
in the Black Hills Coal region.

The Bear River Formation of Lower Cretaceous
age (Rubey, 1975) is the next younger coal-bearing
rock unit above the Lakota. Again, the coals in the
Bear River Formation are very local in extent and have
only been reported in the Hams Fork coal region.
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Upper Cretaceous

Separated from the Bear River by a marine
shale, the overlying Frontier Formation contains
numerous fairly thick, persistent coals in western
Wyoming. Elsewhere, the Frontier coals apparently
are thin, shaly, and of very limited extent.

The oldest widespread coal deposits in Wyoming
are found in the Mesaverde Group or In lts western
equivalent; the Adaville Formation. These rocks con-
tain numerous thick to moderately thick coals in the
Hams Fork and Green River regions. Mesaverde coals
are less numerous and apparently are thinner and more
local in extent throughout the rest of the State. The
Mesaverde disappears before it is halfway across the
Powder River basin, and only exhibits very thin coals
on the southern flank of that basin.

The Meeteetse Formation was deposited at about
the same time as the Lewis Shale. This formation Is

\pecognized in the Wind River and Bighorn basins, where
,it contains some coals, most of which are thin and
discontinuous.

Lance Formation coals are the youngest Upper
Cretaceous coals in Wyoming. Although the Lance, or
its equivalent, the Medicine Bow Formation of the Hanna
field, contains coal throughout the State, Lance coals
are best developed in southern Wyoming. There they
are numerous, but seldom are more than 10 ft thick.

Paleocene

Paleocene rocks, variously mapped as the Fort
Union, Polecat Bench, or Evanston Formations, crop
out in all but the Black Hills region and Goshen Hole
field. Paleocene rocks invariably contain coals, al-
though they are most prolific in the Powder River basin
and Hanna fields. While there are more Paleocene coals
in the Ferris and Hanna Formations of the Hanna field,
the Fort Union coals of the Powder River basin are
often three to four times as thick as the thickest
coals in the Hanna field, which are as much as 36 ft
thick.

Eocene

The Eocene Wasatch Formation is the youngest
coal-bearing rock unit in Wyoming. In the Powder
River basin, at least, it rivals the older Paleocene
rocks in both the number of coals it contains and in
their thickness. |In fact, the Wasatch contains the
thickest coal in Wyoming, the 220-ft-thick Healy coal.
Wasatch or equivalent coals are also abundant and
moderately thick in the Great Divide basin of the
Green River region and in the Hanna field. Elsewhere
in the State, they are thinner and less persistent than
many older coals.

HISTORY OF COAL DEPOSITION

With the possible exceptions of all or part
of the Adaville and uppermost Lance coal sequences,
Upper Cretaceous coals probably were all derived from
paralic swamps--swamps that grew in close proximity to
a sea. The Frontier and Mesaverde coals, in particular,
are probably the remnants of swamps that grew along or
near the shoreline of a widespread Cretaceous seaway
that periodically advanced and retreated across vast
portions of Wyoming and adjacent states.

Al though local regressions of the shoreline
periodically interrupted the advance of the Cretaceous
sea in Frontier time, this was a major transgressive
period now marked by the marine shales that overlie
the Frontier Formation.

The coals in the basal portion of the Mesa-
verde Group represent remnants of swamps that accumu-
lated in response to a major regressive phase of the
Cretaceous sea. The swamps that dotted the shoreline
of this retreating sea advanced or retreated across
the area in response to local transgressive or re-
gressive pulses In the overall regression. The upper-
most Mesaverde marks another transgressive sequence,
which was followed by the deposition of the marine
Lewis Shale or its equivalents over much of the State.

The coal-bearing Upper Cretaceous Meeteetse
Formation of the Bighorn and Wind River basins provides
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evidence that the Lewis embayment did not inundate those
areas as it did other parts of the State. Meeteetse
coal deposits were probably deposited through the
transgressive, stationary, and regressive phases of
the marine incursion that resulted in deposition of
the Lewis Shale.

The Upper Cretaceous Lance,or Medicine Bow,
Formations were deposited after the final regression
of the Cretaceous sea. Although the coals may have
been paralic at the base of the Lance, the upper Lance
took on a more terrestrial or limnic character as the
sea retreated beyond the borders of Wyoming. The
uppermost Lance coals are probably derived from swamps
growing on a vast flood plain characterized by mean-
dering streams and freshwater lakes.

Both the exact age and origin of coals in the
Upper Cretaceous Adaville Formation of southwestern
Wyoming are problematic because their stratigraphic
relationship to the coal-bearing rocks in the Green
River basin is unclear and because many are atypically
thick for paralic Cretaceous-age coals. |If they are
indeed paralic, they must have been derived from
swamps growing adjacent to the Cretaceous sea as it
made its final retreat from western Wyoming,

Alternatively, the Adaville coals may have been
derived from swamps growing in a subsiding basin
generally west of any major marine incursions. The
presence of an occasional brackish-water fossil in
the upper half of the coal sequence, however, precludes
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Major coal=-bearing formations in Wyoming.

a complete cutoff from the sea. These fossils also
suggest that the swamps must have accumulated before
or during the last major regression of the sea or
possibly in response to a younger heretofore unrecog-
nized marine embayment. The former seems the more
likely. In any case, the basal coal swamps may be more
continental in origlin than are the upper ones.

By Paleocene time, Wyoming was marked by wide-
spread erosion and orogenic activity that partitioned
the State into various intermontane basins. The sea
ways of the Cretaceous had withdrawn, and the Cretaceous
rocks were being folded and faulted within the basins
as mountains rose around them. Clastic Tertiary sedi-
ments carried into the basins by rivers were deposited
over the older rocks.

During this period, swamps grew over large
areas of the intermontane basins kept moist by the ln-
ternal drainage that flowed into them. Although most
of the Tertiary coal swamps accumulated adjacent to
large meandering rivers, others grew along the shores
of freshwater lakes. These intermontane areas, there
fore, were probably characterized by flood-plain,
lacustrine-delta, and even alluvial-fan deposits. In
this depositional setting, the coals, as well as the
rocks associated with them, record the effects of
meand§ring streams, variations in sediment influx,
f|00<E|lng, climatic fluctuations, differential com-
D?Ctlon, and local tectonlc events coupled with con-
tinuous subsidence.
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ftOAL CHARACTERISTICS

v

Rank

Wyoming coals range from lignite to bituminous
in rank. Lignites, however, are restricted to a small
area in the northeastern corner of the Powder River

“1gnin that marks a southern extension of the Tertiary

lilignite deposits of Montana and North Dakota.

.. Subbituminous coals, which are all either

ghrtl:ru or Upper Cretaceous in age, are found in all

Zr-= coal-bearing areas of the State except the Black

4 'lv region (Fig. 1). Usually the subbituminous

“-mals occupy the more central parts of the coal-bearing
areas, although, in the case of the Hams Fork region,
subsequent erosion has relegated even the younger
i.chilunlroms coal-bearing rocks to narrow bands bet-
veen faults and eroded folds. In several basins, the

w3ubbituminous coals are buried beneath great thicknesses

™f noncoal-bearing rocks.

- Most of the bituminous coals of Wyoming crop

“wr a@s narrow bands in the Hams Fork region, around the
ik Springs uplift, the eastern edge of the Green River
“myiti-, and the periphery of the Hanna coal field. The
“my-verek coals in the north end of the Bighorn Basin and
- Lower Cretaceous coal of the Black Hills region are

—lua bituminous. Bituminous coals are much more wide-

.mrtad than these outcrops would suggest simply because
1 great portion of the bituminous coals lie deeply

.+.riwl beneath younger formations that either con-

. ain lower rank coals or no coals at all. All bi-

—.-inmqe coals in Wyoming are Cretaceous in age.

il

= 1rical Composition, Heat Value, and Sulfur

Moisture, volatile matter, fixed carbon, and
eat values of coals vary widely across the State in
lirect response to variations in rank. The bituminous
nd high-rank subbituminous Cretaceous and Tertiary
wli on an as~-received basis are very similar. Mois-

.'e contents are less than 15 percent, volatile matter
#ontents are between 30-40 percent, fixed carbon con-
' er[% are greater than 40 percent, and heat values are
“almzer 10,000-12,000 Btu/lb. In contrast, the lower
“anke subbituminous Tertiary coals of the Green River
- #4iur and the Powder River basin have as-received
~cisture contents between 20-30 percent, about equal
i clalile matter and fixed carbon contents, and heat
alues between 7000-9000 Btu/I1b.
t Variations in ash and sulfur content are evi-
mentaly more related to events in the depositional
i322ry of the original coal swamps than they are re-
at+d to rank. Consequently, variations in ash con-
ent, in particular, are quite irregular. As-received
- %7 contents range from a few percent to more than 50
:ffcerr in response to the volume of inorganic debris
#t27lry the original coal swamp. Published analyses
;f various coals sampled across the State, however,
.uggest that a typical, persistent Wyoming coal of
aﬂnable thickness contains less than 10 percent ash.
o Sulfur contents, on the other hand, show a
.elationship that varies with the age of the coal.
HE Cretaceous coals appear to contain slightly more
-1Tur on a weight-percent basis than do the Tertiary
als. Published analyses of the Cretaceous coals of
I'--"'m|usually range from 0.9-2.0 percent sulfur, com-

iﬁx to a range of 0.3-0.9 percent sulfur in Tertlary
jals.

Najor and Minor Elements

In Wyoming coals, major elements, which make
up more than 0.1 percent of a coal, are silicon,
calcium, aluminum, iron and magnesium,usually in
that order of abundance. Common minor elements are
potassium, sodium, titanium, phosphorous, chlorine,
and manganese, in that order.

Silicon, aluminum, calcium and iron all can
be present in concentrations greater than 2 percent;
silicon concentrations have exceeded 5 percent in
some samples. The minor elements rarely exceed 0.1
percent and are best described in thousands or less
parts per million.

Based on some recent analyses, Wyoming's Cre-
taceous and Tertiary coals show similar concentrations
of all the major and minor elements except calcium and
sodium. The concentration of calcium and sodium in
the Tertiary coals are usually four to five times the
concentrations normally reported in the Cretaceous
coals.

Major and minor elements in 48 Wyoming coal
samples in percent on a whole-coal basis (Glass, 1975)

RANGE AVERAGE
Silicon 0.41-5.50 1.70
Calcium 0.13-2.10 0.75
Aluminum 0.17-2.50 0.72
lron 0.15-2.100 0.51
Magnes ium 0.026-0.340 0.17
Potassium 0.005-0.370 0.063
Sodium 0.003-0.190 0.044
Ti tanium 0.001L-0.130 0.038
Phosphorous 0.0021L-0.044 0.0121
Chlorine 0.004-0.026L 0.010L
Manganese 0.0007L-0.0492 0.004

Note: ''L'' means less than.

Trace Elements

0f the 30 trace elements recognized in some
48 analyses of Wyoming coals, concentrations of the
various elements range from a high of 1000 parts per
million to a low of 0.004 parts per million. If these
elements are grouped according to their average con-
centrations, 6 elements average less than 1 part per

million, 12 elements range between 1-5 parts per
million, 11 elements range between 5-100 parts per
million, and one element, barium, averages more than

300 parts per million.
With the exception of zinc, which averages

17.9 parts per million, the more common metals--
copper, cobalt, nickel, and lead--all occur in con-
centrations ranging from 1-5 parts per million. While
the potentially dangerous elements, arsenic and molyb-
denum, also average 1-5 parts per million, selenium,
cadmium, and mercury normally occur in concentrations
of less than one part per million.

Based on these 48 published analyses, Tertiary
coals in Wyoming appear to contain higher concentrations
of 26 of these trace elements than do the Cretaceous
coals. Only boron, beryllium, fluorine, and germanium
are higher in the Cretaceous coals.
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Average trace element concentrations in 48 Wyoming
coal samples in parts per million
on a phole-coal basis (Glass, 1975)

ELEMENT

AVERAGE ELEMENT AVERAGE

Barium‘ 300 Gallium 3
Strontium 100 Arsenic <3
Boron_ 70 Lead <3
Fluorine 70 Thorium 2.7
Cerium <20 Cobalt 2
Zinc . 17.9 Germanium <2
Vanadium 15 Neobium 1.5
Zirconium 15 Scandium 1.5
Neodymium <15 Molybdenum 1.0
Copper 8 Uranium < 0.9
Chromium 7 Selenium <o0.8
Lanthanum <7 Ytterbium 0.5
Nickel 5 Antimony < 0.4
Yttrium 5 Cadmium < 0.15
Lithium 4.6 Mercury 0.10
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LAGOONAL ORIGIN OF COALS

N THE ALMOND FORMATION
N THE ROCK SPRINGS UPLIFT, WYOMING

IENRY W. ROEHLER: U.S. Geological Survey

Denver, Colorado 80225

-B5TRECT:  The Rock Springs uplift in southwest Wyoming is a doubly-plunging asymmetric anticline of Laramide
ge. The Almond Formation and other coal-bearing formations of Late Cretaceous age are exposed on the flanks of
he uplift.

The Almond Formation Is mostly gray sandstone, gray shale, gray and brown carbonaceous shale, thin beds
f coal, and minor thin beds of gray siltstone and dolomite. It is 850 ft (259 m) thick on the east flank, but
hins and is missing in places on the west flank because of Late Cretaceous erosion. Dinosaur, crocodile, turtle,
nd fish fossils collected from the lower 200 ft (61 m) of the formation indicate deposition in freshwater; oysters
m) other mollusk fossils collected from the middle 350 ft (107 m) of the formation indicate deposition in brackish
ater; and shark teeth and cephalopod fossils collected from the upper 300 ft (91 m) of the formation indicate de-
osition in saltwater. The environments of deposition for these fossil intervals are interpreted as coastal swamp,
agoon, and mixed barrier bar, lagoon, and marine, respectively. Sedimentary structures permit further subdivision
*f the barrier bars into lower shoreface, middle shoreface, upper shoreface, sand dune, washover, and flood delta
eposits. A model for the depositional environments depicts a marine coastline where lagoons formed behind barrier
ars during westward transgressions of a Late Cretaceous sea. Evidence of a lagoonal origin of coal beds is pro-
ided by the intertonguing and juxtaposition of the coal beds and the barrier bars, and by the presence of fossil
'yster beds within coal-bearing sequences.

Eighteen beds of coal, ranging in thickness from 2.5 to 16 ft (.8 to 4.9 m), have been mapped in the
Imond Formation. Few of these can be correlated extensively as they characteristically split or wedgeout along
itcrops. Almond coals have less than | percent sulfur, heating values from 8,800 to 10,850 Btu/1b, and are
akes as subbituminous C to subbituminous A. The estimated mineable coal resources are nearly 6 billion short
int. Between 5 and 10 percent of the coal is believed recoverable by strip-mining. Largely ignored in the past,
z:als of lagoonal origin in the AlmondFormation are a vast, undeveloped energy resource.

rqNTRODUCTION STRAT | GRAPHY
| The Rock Springs uplift is located in southwest Depositional environments in the Almond Forma-
yoming, a few miles north of the common boundary of tion are easily interpreted from the lithologies and
yoming, Colorado, and Utah. The uplift is about 60 mi fossil occurrences in a measured section located in
96 km) long and 4O mi (64 km) wide. It is bounded on the southeast part of the Rock Springs uplift, labeled
“he west by the Green River basin, on the northeast by measured section A on Figure 2. The Almond Formation
he Great Divide basin, and on the southeast by the in measured section A is light-gray very fine grained
ashakie basin (Fig. 1). The uplift is a north-south sandstone, interbedded gray shale, gray and brown
rending, doubly plunging, asymmetric anticline of carbonaceous shale, and coal, with minor thin beds of
aramide age. Dips on the steep west limb are usually gray dolomite and siltstone. Fossils collected from
stween 10° and 15°. Dips on the east limb are usually the section include dinosaur, crocodile, turtle and
° to 8°. The Almond Formation and other coal-bearing fish bones from the lower part, oysters and snails from
srmations of Late Cretaceous age are exposed on the the middle part, and shark teeth and cephalopods from
lanks of the uplift. The Almond Formation is 850 ft the upper part. The fossils and lithologies suggest
259 m) thick on the east flank of the uplift, but it that the lower 200 ft (61 m) of the section were de-
1ins and is missing in places on the west flank be- posited in freshwater coastal swamp environments; the
wse of Late Cretaceous erosion. Outcrops of the middle 150 ft (46 m) of the section were deposited in
yrmation on the east flank are broken up in places brackish water lagoonal environments; and the upper
{ high-angle faults. Coals in the Almond Formation 500 ft (152 m) of the section were deposited mostly in
‘e partly interbedded with fossil oyster beds and are saltwater in barrier bar and shallow marine environ-
irtly intertongued with and laterally equivalent to ments. Fifteen beds of coal, ranging in thickness from
irrier bars, which provide evidence that they are of less than 1 ft (0.3 m) to more than 6 ft (1.8 m), are
igoonal origin. present in measured section A. The coals are concen-

76 Sympogium on the Geology
Rocky Mowntain Coal, p. 85-89 85
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trated in lagoonal environments of deposition (Fig. 2).

A model for depositional environments, Figure 3,
depicts a coastline where lagoons formed behind barrier
bars. Coastal swamps were present in landward directions
from the lagoons. Sedimentary structures permit the
further subdivision of the barrier bars into lower
shoreface, middle shoreface, upper shoreface, dune,
washover, and flood-delta sandstone deposits. Coals
formed in the swampy parts of lagoons and in swamps
that developed on back barrier flats. As Late Cretaceous
seas advanced from east to west across the area of
measured section A, the environments of deposition,
shown on Figure 3, migrated westward. Hence, in the
vertical succession of rocks in measured section A,
shown on Figure 2, marine rocks overlie barrier bars,
barrier bars overlie lagoons, and lagoons overlie
coastal swamps.

The environments of deposition interpreted in
measured section A can be correlated with other mea-
sured sections of the Almond Formation in the Rock
Springs uplift. The lpcation of 8 measured sections in
the eastern part of the uplift are shown on the upper
part of Figure 4. The environments of deposition in
these sections are shown on a restored cross section in

Map showing the location of the Rock Springs uplift in southwest Wyoming.

the lower part of Figure 4. Note that measured section
3 on the cross section is the same as measured section A
The ascending succession of environments of deposition
in all 8 sections is persistently coastal swamps, la-
goons, barrier bars, and marine shales.

The environments of deposition for one period
of time in the Almond Formation are indicated by a
dashed line labeled time line G on Figure 4. A paleo
geographic map that interprets the environments of
deposition at time line G is shown on Figure 5. As ir
dicated on Figure 5, rocks along the eastern edgeofthe
uplift were deposited in a marine environment. A
barrier bar crossed the southeast and northeast parts
of the uplift. Marineward parts of the exposed barrier
bar are shown by fine stippling. Sand dunes situated
upon the barrier bar are shown by coarse stippling.
The back barrier flat is covered by a swamp. Pro-
truding through the back barrier flat swamp in places
are fan-shaped washover sandstones. In the southeast
part of the uplift, a tidal channel crossed the barri¢f
bar, and a flood delta was present where the tidal
channel entered the lagoon. The lagoon had some Opef
water, but it was partly brackish water ponds and em
bayments between which were areas of salt marshes an
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swamps. The salt marshes and swamps merged, probably
almost imperceptibly, in the landward direction into
coastal swamps. A major -river may have entered the
lagoon from the northwest, as depicted on Figure 5.
Eighteen beds of coal, ranging in thickness
from 2.5-16 ft (0.8-4.9 m) have been mapped in the
Almond Formation in the Rock Springs uplift. Few of
these beds can be correlated extensively because they
 characteristically split or wedge out along outcrops.
Figure 6 shows the number and cumulative net thick-
ness of coal in beds that are more than 2.5 ft (0.8 m)
thick in 13 measured sections. The data indicate that
the southeast and southern parts of the uplift contain
the most coal.
Coal has been mined in the Almond Formation
in two places on the Rock Springs uplift. The first
mine was opened on the east flank of the uplift near
Point of Rocks in 1868, at the time that the Union
Pacific Railroad was built across southern Wyoming
F (Schultz, 1908, p. 230). It operated for about one
, year and was abandoned in 1869. A second mine, the
I No. 6 mine, was opened at the City of Rock Springs
Iin 1882. It operated for 4 years and was abandoned
in 1886. The coal from these mines analyzed 0.2 to
j 0-9 percent sulfur, 46 to 51 percent fixed carbon,

!

3 to 6 percent ash, with heating values between 8,800
and 10,850 Btu/1b. The coal ranks from subbituminous
C to subbituminous A.

Mineable coal resources in the Almond Formation
in the Rock Springs uplift are estimated to be 5,650
million short tons in beds more than 2.5 ft (0.8 m)
thick under less than 3,000 ft (914 m) of overburden.
Five to 10 percent of this resource is possibly re-

,coverable locally by strip mining.

Coal is not mined in the Almond Formation
presently for two reasons: (1) the coal has a lower
heating value than other Upper Cretaceous coals now
being mined underground in the vicinity of the City
of Rock Springs; and (2) the Almond coals are thin,
widely spaced, dip a minimum of 5°, and for the most
part are not recoverable by strip mining. Neverthe-
less, the Almond coals comprise a vast undeveloped
energy resource in southwest Wyoming.
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The Tongue River Member of the Fort Union Formation contains the largest part of the Nation's low-

The Fort Union is Paleocene in age.
the Tullock (lowest), the Lebo (middle), and the Tongue River (upper).

In Montana, it has been divided into three members:
The stratigraphic relations of the

members are discussed and compared to similar sections in North Dakota.
The major coal beds of current economic interest in the Tongue River Member are described, correlated,

and characterized.

INTRODUCTION

Vast amounts of low-sulfur coal make the Fort
Union Formation one of the most important coal-bearing
units in the country. As a result, workers have be-
come more interested in this complex unit, and detailed
work is beginning. This paper is designed to present
an overview of what is known about this unit, and to
stimulate further detailed studies of this important
but neglected sequence. Because of the broad scope of
this report, much of the more detailed information has
been omitted; however, a comprehensive list of refer-
ences is provided. Figure | shows the geographic loca-
tion of the Fort Union Formation in Montana, Wyoming,
and the Dakotas.

Many of the coal fields were described and
mapped in early U.S. Geological Survey reports. A sub-
ject of controversy among early workers was the place-
ment of the Cretaceous-Paleocene boundary. Although
the major points have been fairly well resolved, the
work is far from completed. The major points of the
history of the boundary problem will be discussed here.
More details are contained in an account by Brown (1962).

After a review of the Fort Union Formation as
a whole, the important coal beds in the Tongue River
Member will be discussed. The stratigraphic relation-
ships, areal extent, and chemical analyses of the Ander-
son, Dietz, Canyon, Wall, Knobloch, Rosebud, and Pust
coal beds will be summarized.

HISTORY OF THE CRETACEOUS-PALEOCENE BOUNDARY

The history of the separation of the Fort
Union Formation from the Upper Cretaceous has been
presented by R.W. Brown (1962). Hayden (1861) first

1976 Symposium on the Geology
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These include the Anderson, Dietz, Canyon, Wall, Knobloch and Rosebud coal beds in south-
eastern Montana, and the Pust coal bed in eastern Montana.

named the coal-bearing rocks of the Rocky Mountain and
Great Plains regions the ''Great Lignite' group, from
field work he and his colleagues undertook in 1854 and
the years following. The group was renamed the Fort
Union group by Meek and Hayden (1862). Dinosaur fossils
collected from various localities in the lower part led
workers to agree on a Cretaceous age for at least the
lower part. Plant fossils collected from the upper
part were identified as Tertiary by Newberry (1868).
This was the first indication that the Cretaceous-
Paleocene contact was somewhere within the Fort Union.

Newberry's work caused much controversy. Most
paleobotanists dld not believe that the floras of the
upper and lower Fort Union could be distinguished.
Newberry (1890) insisted that they could be and stuck
to his early conclusions.

Stanton and Knowlton (1897) differentiated the
Lance Formation (Upper Cretaceous), which contained
dinosaur fossils, from the overlying Fort Union Forma-
tion, which did not, in the Lance Creek area of Wyoming.
The Fort Union was subdivided on the basis of color.
Beginning with the oldest, these subdivisions were
named the Hell Creek Member (dark); Tullock Member
(1ight); Lebo Member (dark); Tongue River Member (1light);
and the Sentinel Butte Member (dark). Eastward from
Miles City, Montana, the color differences become very
hard to recognize. For this reason, in eastern Montana
and the Dakotas the Tullock and Lebo have been placed
together to form the Ludlow Member.

Barnum Brown (1907) named the Hell Creek beds
from the type area north of Jordan, Montana, and corre-
lated them with the Lance Formation in Wyoming (1914).
He placed the Mesozoic-Cenozoic boundary between the
Hell Creek and Tullock Members.

Knowlton (1909) divided the sequence above the
Fox Hills Sandstone into the upper and lower Fort Union.
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FIGURE |. Outcrop of the Fort Union Formation, including
some areas covered by younger strata

His upper division corresponds to the present Tongue

River Member, and his lower with the present Hell Creek,
Tullock, and Lebo Members. He did not distinguish the
flora of the Hell Creek and the correlative Lance from
that of the overlying beds. He did not differentiate
between the Hell Creek and Lebo, and he also failed to
realize that the Tullock occurred between them. His
conclusions further delayed the resolution of the boundary
problem.

Placing of the Cretaceous-Paleocene boundary was
helped by the discovery of mammal fossils in several lo-
cations in the beds above the dinosaur-bearing strata.
This information was summarized by Simpson (1937), who
published a chart placing the contact between the Hel
Creek and what he called the ''Bear' beds. He regarded
the ''‘Bear'' beds as equivalent in part to the Tullock or
lower Fort Union in the Crazy Mountains area. R.W.
Brown {1962) confirmed that Simpson's '‘Bear'' belonged
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to the Tertiary and that the contact between it and the
Hell Creek marked the Cretaceous-Paleocene boundary.

Leonard (1907) first discovered the oyster beds
of the Cannonball Marine Member, which was first thought
to be of Cretaceous age (Stanton, 1914, 1921). The
Cannonball was found interfingering with the Ludlow,
however, which was regarded as Tertiary. This relation-
ship, combined with the lack of ammonites, placed the
Cannonball in the Tertiary. Fox and Ross (1940, 1942)
found foraminiferal evidence for the Paleocene age of
the Cannonball.

The Sentinel Butte Member was first described
by Leonard and Smith (1909) in western North Dakota.
Thom and Dobbin (1924) regarded it as Wasatch in age,
but later paleontological evidence (R.W. Brown, 1948b)
placed the unit in the upper part of the Fort Union.

In 1912, Calvert applied the first practical
formula for locating the Mesozoic-Cenozoic boundary.
While working in the vicinity of Glendive, Montana, he
found the latest dinosaur remains just below the
"lowest persistent bed of lignite.'" A color change from
the dark Hell Creek to the light Tullock also takes
place locally at this level.

This relation can be easily detected and mapped
throughout most of the Fort Union (R.W. Brown, 1962).
This conciusion has been supported by later paleontologi-
cal evidence. Dorf (1940, 1942) distinguished marked
floral changes across the Lance-Fort Union boundary,
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Fig. 2. Correlation of the members of the Fort Union

across Montana and North Dakota (after Brown, 1962).
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which had not been detected by Knowlton. His work
supported that of Newberry and Calvert. Tschudy (1970)
and Leffingwell (1970) both observed palynological change
across this boundary. The contact is generally marked
by lithologic and color changes that become more appar-
ent with familiarity (R.W. Brown, 1962).

PALEOCENE-EOCENE CONTACT

In the Powder River basin of Montana and
Wyoming, the Wasatch (Eocene) overlies the Fort Union.
The Wasatch consists of conglomerate, sandstone, clay-
stone, shale, and coal seams. The strata resemble those
of the Paleocene but tend to be more sandy and vari-
colored and contain less coal. The Wasatch contains a
fossiliferous zone as much as 30 ft thick about 30 ft
above the Roland coal bed.

Denson and Chisholm (1971) studied heavy-
mineral distributions in the Tertiary and found marked
contrast in mineral concentrations across the boundary.
In the Paleocene rocks, tourmaline and pinkish-violet
zircon predominate. In the lower Eocene rocks, epidote,
blue-green hornblende, and garnet are most abundant.

The contact is generally marked by lithologic, faunal,
floral, and minerallc changes over wide areas. Al-
though certain coal beds may coincide with the boundary
in some areas, lithologic and mineralic changes are
more reiiable in selecting the contact (Denson and
Chisholm, 1971).

In North Dakota, the Fort Union |s gradational
into the Golden Valley Formation (Eocene) in some areas.
In other areas it is disconformably overlain by the
White River Formation (0ligocene) (Royse, 1967).

FORT UNION DEPOSITION IN THE LIVINGSTON AND BULL
MOUNTAIN AREAS

Livingston Area

The earliest deposits of the Fort Union Forma-
tion are found in the Livingston area of Montana. The
Fort Union conformably overlies the Livingston Group
and consists of sandstone and conglomerate interbedded
with siltstone and mudstone. This lithology differs
from that of the underlying Livingston Group. The
Fort Union sediments were derived from sedimentary and
metamorphic rocks, whereas the Livingston Group was
volcanic in origin. This lithologic difference (and
the larger grain size in the Fort Union) suggests that
its source was closer than that of the Livingston
Group, probably from the Bridger Uplift (Roberts, 1972).

Based on tectonic and paleontological evidence,
Roberts (1963, 1965, 1972) placed the basal part of
the Fort Union in the Cretaceous and the upper part in
the Paleocene.

Bull Mountain Basin

Eastward from the Crazy Mountains basin, the
Fort Union Formation grades into what might be called
typical Fort Union sandstone, siltstone, claystone,
shale, and coal beds. The Bull Mountains form a broad
synclinal basin that flattens to nearly horizontal in
the east and south. It extends to the north as two
folds. Shurr (1972) studied paleocurrent indicators
In the Tongue River Member and noticed a general de-
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crease in thickness and grain size to the east, implying

a western source.

INDIVIDUAL MEMBERS OF THE FORT UNION

The Fort Union Formation has been subdivided
into members. In Montana they are, from oldest to
youngest, the Tullock, Lebo, and Tongue River Members.
In western North Dakota they are termed the Ludlow,
Tongue River, and Sentinel Butte Members. In western
North Dakota they are referred to as the Ludlow, Cannon-
ball, and Tongue River Members (Fig. 2).

Tullock Member

The Tullock consists generally of light-colored
sandstone, sandy shale, carbonaceous shale, siltstone,
clay, and mudstone, together with numerous thin impure
coal beds. The type section is in the Tullock Creek
area of Montana (Rogers and Lee, 1923). Most of the
older reports treated the Tullock as the upper member
of the Lance and Hell Creek. The base of the Tullock
is defined as the ''first persistent bed of lignite"
above the dinosaur-bearing beds of the Cretaceous (Cal-
vert, 1912). The contact with the Lebo is taken to be
the base of the ''Big Dirty' coal bed. Over much of its
extent, the top of the Tullock is marked by a resistant
bed of calcareous sandstone or siltstone. This bed
provides a recognizable contrast to the easily weathered
basal shale of the Lebo. In far eastern Montana and
the Dakotas, the resistant cap of the Tullock is absent,
and the contact with the Lebo is difficult to observe
in the field. In these areas, the Tullock and Lebo
combined are mapped as the Ludlow. Garrett (1963) be-
lieved that the Tullock developed in a coastal plain
environment.

Lebo Member

The Lebo consists generally of a dark sequence
of shale, mudstone, carbonaceous shale, siltstone,
argillaceous sandstone, and lignite. Channel sand-
stone bodies in the Lebo weather to a light color, in
contrast with the rest of the member. In the Crazy
Mountains area, the Lebo is composed mainly of andesitic
sandstone.

The base of the Lebo Member has been'placed at
the base of the '"'Big Dirty' coal bed. More recently,
authors (Garrett, 1963; Gerhard, 1967) have suggested
that the resistant sandstone marking the top of the
Tullock, below the ''Big Dirty,' forms a better defined
boundary. The upper contact with the Tongue River Mem-
ber is generally based on color changes. In many places,
the dark Lebo contrasts strongly with the light Tongue
River. Based on color changes, the Lebo thins eastward
toward Terry, Montana. Garrett (1963) thought the
supposed thinning resulted from the Lebo becoming so
light colored as to make the contact with the Tongue
River hard to recognize. The Lebo grades eastward into
the Ludlow.

Gerhard (1967), working in eastern Montana,
divided the Lebo into 3 large cyclic units, separated
from each other by unconformities. He noted 5 litho-
logies, which may be cyclic themselves, as follows:
yellow siltstone; brown claystone that weathers light
gray; finely fissile brown shale; lignite; and gray to
buff limestone that weathers yellow. The limestone,
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fissile shale, and lignite are probably lateral equiva-
lents. The decrease in grain size from the bottom to
the top of each cycle, and the unconformity between
units, suggest that each cycle started with an abrupt
increase in environmental energy, which then decreaseq
during the cycle. These cycles may be indicative of
periodic uplift of the western source. The possible
smaller cycles within the units may result from minor
energy changes.

Tongue River Member

The Tongue River Member contains most of the
economically important coal beds in the Fort Union Forma-
tion. It consists of pale-olive to yellow-gray claystone,
interbedded claystone and sandstone, interbedded shale
and claystone, carbonaceous shale, and thick coal beds.
The sandstone and claystone occur in almost equal pro-
portions. A basal sandstone is present in many areas
and is used to mark the lower boundary of the member.
The top of the Roland coal bed marks the upper contact.

Tongue River Member Depositional Enviromment

Evidence of cyclic deposition in the Tongue
River has been presented by Jacob (1973) and Bryson
and Bass (1973). Jacob worked in North Dakota and de-
fined 4 litho-types of a basic cyclic unit. Starting
from the base of the cycle, they are: gray claystone
and siltstone; lignite; yellow siltstone and clayey
sandstone; and calcareous sandstone. He concluded that
the sequence was deposited by non-braided, low-sinuosity
streams, which formed in the lower, subaerial part of
a high-constructive delta. The claystone and siltstone
probably were deposited on flood plains. The lignite
beds were probably laid down in backswamps. The yellow
sandstone and siltstone probably were deposited on
natural levees and crevasse splays. A few sandstone
bodies that may be point bars are also present.
Bryson and Bass worked in the Moorhead coal field
in Montana. The cyclic unit consisted of the following
a basal, massive, faintly crossbedded sandstone; a thin
shale and claystone layer; coal; and an upper bed
dominated by shale. They concluded that the coal was |
formed in coastal swamps, at varying distances from
the shoreline. The basin was unstable, owing to
periodic uplift of the western source. The shale over-
lying the coal represents either periods of subsidence
that moved the shore westward or periods of accelerated
deposition from a low-lying source. |
Royse (1970) studied the sedimentology of the |
Tongue River-Sentinel Butte contact in North Dakota. ]
He looked at grain-size distributions in both units and
proved that there is a distinctive stratigraphic dif-
ference between the two units. Analyses of sediment
samples showed the Tongue River sediments to be finer
and less well sorted than those of the Sentinel Butte.
The Tongue River Member in this area was depos- ;
ited by slow-moving streams on a low paleoslope gradient.
The sediments were derived from a low-lying source to
the west, and transportation eastward was principally
by suspension. Near the end of the episode, the alti-
tude of the source was reduced, subsidence exceeded de-
position, and swamp conditions prevailed. Backswamp
deposits exceed those of transitional and flood plain
environments in the Tongue River. The coal beds were
deposited in the backswamp. Major channels occur only
in the basal part of the Tongue River.
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> Sentinel Butte Member

The strata of the Sentinel Butte are very similar
to those of the Tongue River. There has been controversy
as to whether the Sentinel Butte should be regarded as
a separate member or part of the Tongue River. |In North
Dakota, where the type section is located, the Sentinel
Butte is regarded as a separate member.

The base of the unit is marked by a distinctive
basal sandstone (Royse, 1970). Deposition started with
the influx of this deltaic sandstone over the swamps
of the Tongue River. The source area had changed to the
northwest, and the sediments were spread south and east-
ward. Elevation was increased over base-level. The
streams had slightly greater velocities than the Tongue
River streams, but transportation was still mainly by
suspension. The drainage pattern was less stable and the
paleoslope was variable, reflecting tectonism farther
west. The sediments were laid down farther upstream
than the Tongue River sediments had been. Transitional
and flood-plain deposits exceed backswamp deposits.

The presence of an upper sand unit suggests rejuvenation
of the source.

The unit is disconformably overlain by the
White River Formation (Oligocene) in some areas, and
grades into the Golden Valley Formation (Eocene) in
others.

Most workers have agreed that the Sentinel
Butte is missing in the Powder River basin. Carmichael
(1967, 1975), after working in the Pumpkin Creek coal
field and reviewing the work of Bryson (1952) in the
Coalwood coal field, believed that the Sentinel Butte
also is present in this area. He believed that the
gray shales described by Bryson, between the Mackin-
Walker and Stump coal beds, belong in the lower part
of the Sentinel Butte. He tentatively placed the Tongue
River-Sentinel Butte contact at the base of the Mackin-
Walker coal bed.

Ludlow Member

In the Dakotas, the Tullock and Lebo are com-
bined to form the Ludlow Member. Farther eastward,
the Ludlow interfingers with the marine Cannonball
Member. The Ludlow consists of yellowish-weathering,
poorly consolidated sandstone, gray to brown shale, and
lignite.

Cannonball Marine Member

The Cannonball was first recognized by Leonard
(1907). It is the only Paleocene marine formation In
the mid-continent. It is recognized only In western
North Dakota and in northwestern South Dakota. It con-
sists of poorly consolidated, grayish-green sandstone,
which weathers brown, and gray mudstone that tends to
be blocky. The Cannonball Member contains thin beds
of marine fossils. Deposition occurred in various
environments, which Include salt marshes, tidal flats,
tidal channels, beaches, and shelf bottoms (Cvancara,
1972). The base of the member is taken as the highest
lignite or lignitic shale of the Ludlow. To the west,
in interfingers with the Ludlow. The upper contact
shows both conformable and disconformable relation-
ships with the basal sand of the Tongue River Member.

CORRELATION OF THE FORT UNION FORMATION

Several authors have noted that the beds of
the Fort Union cross time lines (Garrett, 1963;
Leffingwell, 1970; Carmichael, 1967, 1975). In a
cross section from Billings to south-central North
Dakota, Garrett showed the individual members be-
coming progressively younger to the east. Leffingwell
noted that the basal Tongue River in North and South
Dakota was older than that in the southern Powder River
basin. Carmichael correlated the lower part of the
Sentinel Butte in eastern Montana with the Lebo in
northeastern Wyoming; the Tongue River with the Tullock;
and the Lebo and Tullock with the upper part of the
Hell Creek. These observations support the idea that
the depositional front of the Fort Union moved in a
general south and east direction.

IMPORTANT COAL BEDS OF THE TONGUE RIVER MEMBER

The important coal beds of the Tongue River
Member are the Anderson, Dietz, Canyon, Wall, Knobloch,
Rosebud, and Pust coal beds. These are important be-
cause of the magnltude of the reserves they contaln and
also the quality of the coal. The general stratigraphic
relationship of these coal beds is shown on Figure 3.

All of these beds have wide areal extent
(Plate 1-5); and in southeastern Montana, they show
variation in quality from subbituminous to lignite,
depending on geographic location (Table 1).

The current mapped strippable reserves in these
coal beds total 28,000 million tons (Table 2).

Anderson Coal Bed

The Anderson |s stratigraphically the highest of
the important coal beds in southeastern Montana. It
lies 290 to 370 ft below the top of the Tongue River
Member. It presently is being mined at the Decker
mine and will also be mined at the planned East Decker
mine. At the Decker mine, it merges with the Dietz
No. 1 bed to form a seam 50 ft thick. Just west of the
mine, the Anderson combines with both the Dietz No. |
and Dietz No. 2 to form an 80-ft-thick seam. Still
farther west, the Anderson splits off from the comblned
Dietz seams. |In the Deer Creek coal field, east of
the mine, the three beds are separate, and the Anderson
is 20 ft thick. In the northern part of the Poker Jim
Lookout coal field, the Anderson and Dietz combine for a
thickness of 58 ft, but in the southern part of the
field they are separate beds. In the West Moorhead
coal field, the Anderson is 14 to 30 ft thick and 13
to 81 ft above the Dietz No. 1. In the Hanging Woman
Creek coal field, It is 25 to 36 ft thick, thinning to
15 ft in the southwestern part of the area. It lies
5 to 100 ft above the Dietz No. 1.

The highest quality coal from the Anderson bed
is found in the Decker deposlt. The quality decreases
to the east and north from the Decker deposit.

Dietz Coal Beds

Taff (1909) mapped three Dietz beds, about 5l
north of Sheridan, Wyoming. These were traced northward
into the Decker area by Baker (1919). Dietz No. 1 of
Taff correlates with the Anderson. The present Dietz
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Table 1. Average coal quality of the economically Important coal beds. Al} analyses are on an as-received basis,
except where tipple samples are deslignated.

Deposit No. of Moisture  Volatile matter  Fixed carbon  Ash Sulfur  Btufib.
samples
PUST COAL BED
Burds Creek-Thirteenmile Creek 10 38.846 26.778 26.902 7.828 .654 6138
Savage Mine Tipple 38.000 27.000 27.000 7.25 .500 6500
ROSEBUD COAL BED
Colstrip 16 21.168 29.107 38.852 9.541 .823 8836
Greenleaf Creek-Miller Creek 4 27.175 26.743 37.491 8.592 1.169 8376
Sarpy Creek Mine Tipple 25.000 29.000 37.000 9.000 .330 8450
Peabody Mine Tipple 26.300 28.600 34.700 10.400 .750 8450
Western Energy Mine Tipple 25.500 27.720 38.330 8.450 .800 8750
KNOBLOCH COAL BED
Ashland 27 27.664 28.824 37.633 4.828 153 8420
Otter Creek 28 28.233 29.915 36.712 4.710 367 8468
Poker Jim Creek-O’dell Creek 6 24,165 30.036 40.695 5.104 226 8846
Greenleaf Creek-Miller Creek 8 27.40S 28.498 37.672 6.424 .540 8580
Beaver Creek-Liscom Creek 12 31.435 28.487 34.532 7.962 .492 8015
Foster Creek 3 31.113 27.740 33.257 7.89 767 7573
Sand Creek 2 31.835 28.055 33.435 6.675 .300 7340
WALL COAL BED
Canyon Creek 42 24.346 30571 40.429 4.629 305 9088
Yager Butte 89 32.663 28.03 34.391 4.916 .320 7552
CANYON COAL BED
Decker 3 22.863 29.856 39.737 7.544 418 9104
Poker Jim Lookout 3 30.483 29.466 35.050 5.002 37 8201
Hanging Woman Creek 4 25.155 29.940 38.542 6.365 .407 8428
Kirby 3 23.780 29.637 40.770 5.817 .240 8789
West Moorhead 12 28.327 29.779 36.550 5.343 .420 8055
Canyon Creek 7 26.829 26.970 35.870 10.328 .786 8192
Diamond Butte 5 35.128 27.921 33.033 3.918 307 7395
Sonnette 1 36.960 26.709 30.054 6.277 955 6904
Threemile Buttes 7 37.339 26.378 30.696 5.587 942 6867
DIETZ COAL BED
Decker 4 23.612 25.562 36.563  11.764 .349 8367
Deer Creek 3 23.197 28.705 36.640 11.459 .630 8340
Hanging Woman Creek 4 27.423 29.622 36.811 5.507 337 8078
Kirby 15 26.780 27.783 37.426 5.870 .590 8442
West Moorhead 4 31.333 29.7117 34.823 4.127 418 7990
ANDERSON COAL BED
Decker 8 23.728 29.856 39.634 4.310 291 9236
Deer Creek 3 23.197 28.705 36.640 11.459 .630 8340
Poker Jim Lookout 8 29.626 30.013 35.084 5.277 375 7926
Hanging Woman Creek 56 25.990 29.850 38.642 5.133 .293 8503
Kirby 11 26.716 28.085 38.471 4.295 321 8328
West Moorhead 3 26.233 31.133 37.300 5.333 .367 8297
Decker Mine Tipple 23.0 34.000 39.300 37 .400 9600

(Combined Anderson-Dietz)
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No. 1 and Dietz No. 2 correspond to the Dietz No. 2 and
Dietz No. 3 of Taff. The Dietz is being mined at the
Decker mine and will also be mined at the planned East
Decker mine.

West of the Decker mine, the Dietz No. 1 and
No. 2 combine with the Anderson to form a bed 80 ft
thick. Right at the mine, only the Dietz No. | com-
bines with the Anderson to form a bed 50 ft thick. In
the Deer Creek field, all three beds are separate, and
the Dietz beds average 18 ft in thickness. In the south-
west part of the Kirby coal field, the Dietz beds com-
bine for a thickness of 50 ft, but they split and thin
to the northeast. The Dietz No. 1 has a maximum thick-
ness of 18 ft in the Hanging Woman Creek coal field,
but thins to 4 ft in the southwestern corner. |In the
West Moorhead coal field, it ranges from 6 to 11 ft
in thickness, but is thin or absent in the northeast
corner.

The best overall coal quality in the Dietz bed
is found in the Decker area. The Btu and ash values
are better in the Kirby deposit, but the sulfur content
is much higher. The quality of the Dietz decreases to
the east of these two coal fields.

Canyon Coal Bed

Although not being mined, the Canyon is one of
the most widespread coal beds in Montana. The largest

Table 2.
values in million tons.

Deposit Anderson Dietz
Decker

Deer Creek

Kirby

Canyon Creek

Poker Jim Lookout

Hanging Woman Creek

West Moorhead

Poker Jim Creek-O’dell Creek
Otter Creek

Ashland

Colstrip

Foster Creek

Diamond Butte

Yager Butte

Threemile Buttes

Home Creek Butte

Sand Creek

Beaver Creek-Liscom Creek
Greenleaf Creek-Miller Creek
Burns Creek-Thirteenmile Creek*

2239.99

410.47

216.52 834.35
872.65

1583.29 1120.96

883.74 347.49

Strippable reserves by deposit of the economically Iimportant beds of the Tongue River Member.

coal reserves in the Canyon are found !n the West Moor-
head and Diamond Butte deposits. |In the West Moorhead
deposit, the bed ranges from 17 to 24 ft in thickness
and lies 67 to 122 ft below the Dietz. It is 16 to

25 ft thick and 180 to 230 ft above the Wall bed in
the Kirby coal field. |In the Diamond Butte coal
field, the Canyon coal is 7 to 16 ft thick and about
200 ft above the Cook bed. |t splits into two benches,
4 to 13 ft thick, in the Threemile Buttes deposit. The
highest quality coal is in the Decker and Kirby de-
posits. As with the Anderson and Dietz, the quality
diminishes to the east and north.

Wall Coal Bed

Although not presently being mined, the Wall
contains large reserves in the Canyon Creek and Kirby
deposits, where it is 50 to 60 ft thick. It lies 180
to 230 ft below the Canyon bed. In the Canyon Creek
deposit, the Wall is one of the highest-rank coals in
eastern Montana.

Knobloch Coal Bed

Although not being mined, the Knobloch con-
tains larger strippable reserves than any other mapped
coal bed in the Tongue River Member. It has good po- -
tential in the Ashland, Otter Creek, and Poker Jim -

All

Canyon Wall Knobloch Rosebud Pust

158.53  473.69

1884.25

690.19 L
938.07
2075.55
2696.20
1439.26
708.13
418.02
496.34
191.28
14.61
267.34
491.62
325.00

76.14
4900

*Reserves in this area were calculated to 300 feet of overburden. In all the other areas, reserves were calculated to only 150

feet of overburden.
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Creek-0'dell Creek deposits, as well as on the Northern
Cheyenne Indian Reservation.

Thickness of the Knobloch coal varies through-
out its areal extent, and it develops partings and
tends to split into two or three seams. |t reaches a
maximum thickness of 66 ft in the northern part of the
Otter Creek and Ashland deposits. |Its highest quality
is in the Poker Jim Creek-0'dell Creek deposit.

Rosebud Coal Bed

The Rosebud coal bed occurs about 350 ft above
the base of the Tongue River Member. It is being mined
at Colstrip by Western Energy Company and by Peabody
Coal Company, and at Sarpy Creek by Westmoreland Re-
sources Inc. It averages 25 ft in thickness in the
Colstrip area. In the east side of the Sarpy Creek area,
it is about 15 ft thick and occurs 4 to 36 ft above the
McKay. On the west side of Sarpy Creek, it combines
with the McKay for a thickness of 25 to 35 ft.

Pust Coal Bed

The Pust coal bed contains the largest reserves
and has the greatest areal extent of any of the coal
beds in eastern Montana. It is being mined at the
Knife River mine. The Pust lies about 525 ft above the
base of the Tongue River Member. It reaches a thickness
of 44 ft in the eastern part of the Burns Creek-Thirteen-
mile Creek coal field, but thins to the north and west
and averages about 25 ft in thickness. |In the eastern
part of the field, it forms one bed; however, it splits
into two benches as much as 10 ft apart in the western
part. The upper bench has a maximum thickness of 25 ft,
and the lower has a maximum thickness of 15 ft. The
heat values range between 5893 and 6492 Btu/lb, the
sulfur between 0.301 and 1.548 percent, and the ash
between 4.886 and 11.591 percent. The thicker coal
the eastern part of the area seems to be of slightly
better quality than that in the western part.

in

CONCLUSIONS

The Tongue River Member of the Fort Union
Formation (Paleocene age) contains vast amounts of
strippable coal reserves in eastern Montana. A major
part of these reserves is contained in 7 coal beds--
the Anderson, Dietz, Canyon, Wall, Knobloch, and
Rosebud in southeastern Montana, and the Pust in eastern
Montana.

Generally, the coal that has the highest Btu value
and that forms the thickest beds is found in the Decker,
Montana area, although thick beds are also found in some
of the other deposits.
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GEOPHYSICAL LOGGING OF COAL

DONALD G. DAVIS:

Scientific Software Corporation

Denver, Colorado 80202

ABSTRACT :

Although computational procedures are available today for the in-situ evaluation of coal, including

Btu and ash content, the borehole logs required are not often available in the calibrated form or suites required.
The exploration for coal can be enhanced considerably by using the logs available in the well-log libraries if
certain fundamental geophysical parameters are considered and the effects of coal compared to other rocks or

minerals as seen by the logging tools are understood.
pect of geophysical (borehole) measurements.

INTRODUCTION

The accumulation of data recorded by logging
instruments in the borehole has been going on for over
30 yr in the Rocky Mountain region. These logs have
primarily been recorded for the purpose of petroleum
exploration and exploitation. The result, however,
has provided a library of data in the form of curve
traces that may be used to identify coal seams, and, in
some cases, to evaluate the quality of the coal with re-
gard to moisture, ash and sulfur content as well as
Btu level on an in-situ basis.

Although simple '"rules of thumb'' are desirable
in any data research project, they generally are
plagued by exceptions. Techniques for coal identifi-
cation definitely fall into this category. General
rules of thumb'' are helpful and quite useful if a full
understanding of the exceptions are applied.

This paper deals with a study of the effects of
coal on various logging or borehole geophysical measure-
ments, including a study of coal bed thickness.

The geophysical measurements to be studied are:
Spontaneous potential
Resistivity
Conductivity
Acoustic transit time
Bulk density
Neutron porosity index

oV W N —

EARLY WELL LOGS

The earliest type of logging device likely to

be encountered in any log library is the electrical log.

This log consists of a set of measurements recorded as
continuous analog traces vs. depth. This log, com=-
monly referred to as the ES log, generally contained
the following curve traces:

Spontaneous Potential, or SP

Short Normal - AM = 16"

Long Normal - AM = 64"

Lateral - A0 = 18'8"

The SP curve can be quite misleading in that an
anomaly or excursion to the left of the base, or shale,
line may or may not occur with coal beds. Thus, it is

1876 Symposium on the Geology
of Rocky Mowntain Coal, p. 115-119

This discussion will primarily deal with this latter as-

not a reliable indicator of the presence of coal.

- Any coal seam is a poor conductor of electric
current; thus, high resistivity values are to be ex-
pected from resistivity measuring devices. A normal
resistivity device, as referred to above, will respond
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Fig. 1. Response of the normal resistivity device
opposite a bed thicker than the AM (electrode) spacing
(Schlumberger Well Services, 1950).
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Fig. 2. Response of the normal resistivity device

opposite a bed thinner than the AM (electrode) spacing
(Tixier and Alger, no date).
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as shown on Figure 1 if the bed is thicker than the
AM spacing (Schlumberger, 1950). If the seam is thin,
the effect will show up as indicated on Figure 2 (Tixier

and Alger, no date). Consider a coal bed thicker than 16
in. but thinner than 64 in. The short.aarmal will appear
as on Figure 1, while the long normal will look like
Figure 2.

Also note that the inflection points as shown on
Figure 1 are actually one-half the AM spacing inside the
bed boundaries; that is, the bed is thicker than the
distance between the inflection points by the full AM
spacing. In the case of Figure 1, this would amount to
adding 16 in. to the bed thickness. In the case of a
thicker bed and use of the long normal as a coal bed
delineator, the thickness would be underestimated by
64 in., or over 5 ft.

The lateral curve is unique in that it is non-
symmetrical with regard to its shape. Should a coal bed
be thinner than the spacing of the lateral instrument
(18'8'"), which is quite likely here in the Rockies, it
would exhibit an appearance as noted on Figure 3 (Schlum-
berger, 1950). Note that the resistivity anomaly is
displaced downward, with the peak near the bottom of
the bed, and that a ''blind'" or low reading zone followed
by a smaller false peak occurs immediately below the
resistive bed--possibly a coal bed. A composite of
these curves is shown on Figure 4 (Tixier and Alger,
no date).

Our first exception to a ''rule of thumb' is now
encountered. These coal beds would appear the same if
they were tight limestone or sandstone stringers, or
thin beds. Their appearance simply means that they do
not contain large amounts of water and that they contain
little shale. Other log data must be examined before
the presence of coal can be established as a certainty.
However, nearby core control that establishes that these
beds are coal could lead to using these logs on a corre-
lation and thus ''most likely' basis of coal identification.
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Fig. 3. Response of the lateral resistivity curve
opposite a bed thinner than the A0 (electrode) spacing
(Schlumberger Well Services, 1950).

Fig. 4 Responses of short normal, long normal, and
lateral curves opposite coal beds on typical electri-
cal log (Tixier and Alger, no date). >

ELECTRICAL LOG
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(ATEROLOG OR FOCUSED LOG

This was the next commonly used tool on the
logging scene. It is often confused with the lateral
device discussed above because of the similarity of
names, but it is nothing like it. The laterolog em-
ploys a technique that forces the current horizontally
and thus overcomes many borehole and side-bed distor-
tions. It is a symmetrical device and the inflection
points truly represent bed boundaries. But remember,
it is also a resistivity device and may react to lime-
stone or sandstone beds as described above.

INDUCTION LOG

This is a conductivity measuring device. Its
purpose is the same as the previously mentioned devices;
that is, to determine the current-carrying capability of
the formations. |t works on an entirely different
principle than previously described devices but its
appearance is the same. Bed thicknesses are measured at
the half-way (inflection) point on the conductivity
curve. The same limitations of lithology apply with
this device as with those described above.

GAMMA RAY LOG

Coal exhibits a low radioactivity level in
nearly all caseg\Tﬁ‘yﬁgjﬂopkiés. The level of natural
radiation is—n—the range of 20 APl units, depending on
mud weight, hole size, and how the tool is positioned
in the hole (i.e., centered or excentered). This is
about the same value that a limestone bed would exhibit.
However, high concentration of uranium may occur, re-
sulting in high gamma ray readings in certain conditions
since carbon actively reduces hexavalent uranium bearing
salts in solution to an insoluble tetravalent salt
(Tixier and Alger, no date). The lignite found in the

Black Hills is an example of this '"thumb rule' exception.

SONIC OR ACOUSTIC LOG

Coal beds are extremely poor transmitters of
acoustical energy in terms of velocity of transit time.
This transit time varies with the type of coal and
burial depth of the bed. Coal beds in the Mesaverde
Group in southwestern Wyoming show a typical value of
about 125 microseconds per ft. This is indicated on
Figure 5 (Tixier and Alger, no date). The log responses
of several devices opposite coal beds in a well located
in Colorado are depicted on Figure 6 (Tixier and Alger,
no date). Although these coals are subbituminous A in
rank, they exhibit lower values of At than expected for
their rank because of their depth, 7500-7700 ft. Lignite
amd subbituminous coals found at shallow depths in
southern Colorado might easily show a value of 140 micro-
seconds per ft. Table | provides a range of transit
times for various coals.

DENSITY LOG

Densities of coal range from as low as 0.7 gm/
cc for some lignites to 1.8 gm/cc for anthracite.
Again, Table 1 shows ranges for various coal types.
Figure 5 shows a value of 1.45 in a Wyoming well.

One caution should be noted here. The standard
‘"oil field" density tool is very poorly calibrated to
measure bulk densities of rocks less than 2 gm/cc.
Oftentimes, a back-up curve trace for values lower than
2 gm/cc is not even recorded. A disappearance of the
curve to the left might well be interpreted as an in-
dication of coal, other indicators confirming. It is
possible to obtain density recordings that are accurate
below the 2 gm/cc level if prior notice is given to most
logging companies so that proper calibrations may be
made.
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Fig. 5. Responses of formation density, sonic, and sidewall-neutron porosity logs opposite a coal bed in the
Mesaverde Group (Upper Cretaceous), southwestern Wyoming (Tixier and Alger, no date).
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TABLE 1
LOG TYPE LIGNITE BITUMINOUS
Gamma Ray . Low Low
(AP1 units) 20-25 20-25
Resisti¥ity High High
(ohm-m) 50-2000 50-2000
Transit Time 3 130-150 110-140
(Microseconds/ft)
Density 0.7-1.5 1.2-1.5
(gms/cc)
Neutron Very High Very High
(Porosity Index) 55-70 55-70

D. G. DAVIS

ANTHRACITE

Low
20-25

High

50-2000

120 or less

1.4-1.8

Very High

55-70

IExcept where uraniferous salts occur (Black Hills)

Varies with moisture
Varies with burial depth
Varies with ash content

Modern logging suites with tools proper?y calj-
brated for the range of data expected, coupled with
mathematical models and correlation fits to assay
values, can lead to accurate evaluations of ash,
moisture, and sulfur content and Btu rating of the
coal beds under study. |In addition, mechanical para-
meters concerning rock strengths may be calculated to
determine fall points and pillar size as assists to
good underground mine design. Obviously, these more
sophisticated concepts require the application of com-
puter techniques.

NEUTRON LOG

This type of logging device in all its ''mutatio
and variations is primarily a counter of hydrogen atoms
and coal is rich in hydrogen. Thus, a porosity index
of over 50 percent is typical. Again, referring to
Figure 5, a value of 62 percent is shown on this south-
western Wyoming well.

NOTABLE EXCEPTIONS

The porosity ‘tools listed above all exhibit re-
cordings that would lead to high porosity calculations
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Responses of formation density, sonic, and resistivity logs in a Colorado well
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from the recorded values. Unfortunately, coal is not
the only rock- that gives such high readings. Others in
the Rockies are:

Shales - The apparent porosity level is high
only on the sonic and neutron logs,
and not nearly so high as coal, even
on these logs.

Bentonite - Long transit times, low densities,
high neutron porosity index, but low
resistivity.

Kerogen - Basically the same or greater effects
on the porosity devices as soft coal;
density values can be as low as 0.95
gm/cc for a pure kerogen bed. How-
ever, it seldom is found in pure form;
thus, oil shale ore of high grade may
indeed appear as a coal bed. After
all, oil shale contains solid hydro-
carbons.

Washouts - These effect the contact devices--
density logs and sidewall neutron
logs--the most. A hole caliper is
a great help in these cases. Coals
often will tend to cave or show an
increase in hole size, particularly
toward the bottom of the bed. Large-
diameter washouts are rare opposite
coal beds.

CONCLUS IONS

Coal beds definitely can be identified by com-
bining the proper logging suite and some knowledge of
the geological sequence being studied.

A lqw gamma ray reading, a very high porosity
reading on the 3 so-called porosity todTE::nggiglp,
densify oF neltron--and a nlyh resist wity reading un-
2Ub¥Ed Iv are reflecting the présencé nf imal ne kerogen.
A knowledge of the geological and geographical position
of the hole can usually determine the type of bed en-
countered.

Once positive coal identifications are estab-
lished, correlations may be made with other wells where
comprehensive data may be limited, thus adding to the
store of exploration control.
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Examining coal beds recorded on geophysical log, Heerfano
County, Colorado



METHANE FROM COAL
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ABSTRACT:

U.S. Bureau of Mines 3

Pittsburgh, Pennsylvania 15213

Subsurface coal mining, except for metallurgical coal, is not commonplace in the Rocky Mountain

states. The deeper coalbeds cannot be mined economically in competition with surface mining where coal is to

be used only as a fuel.
higher rank coals.
all other factors being equal.

Thus, methane emission from underground mines is presently only a problem with the
Our studies show that the methane content of coalbeds is directly correlatable with rank,

The U.S. Bureau of Mines has developed a method to measure directly the gas content of coalbeds by

testing cored coals collected in a standard fashion.
related to methane emissions from operating mines.

These direct measurements of the gas content have been
Thus, this method makes it possible to determine the resource

base of the gas contained in the coalbed and the effect of the emissions on the contained gas during mining.
It has been found that if there is sufficient gas in the coal to warrant degasification, then there

are four methods of draining gas from coalbeds.
(3) slant holes; and (4) gob degasification holes.

INTRODUCT I ON

The U.S. Bureau of Mines research to date on the
degasification and utilization of methane from coalbeds
has been concentrated in the Appalachian coalfields.
However, in recent months the program has been expanded,
and currently studies are being conducted in Colorado,
Utah, and Oklahoma. Most of our work west of the Missi-
ssippi is just starting. Studies done in other coal-
fields, however, can be related to Western coals.

The Bureau has been involved in studying
methane gas in coal for about 12 yrs. One of the most
serious safety hazards in underground coal mines is
the occurrence of methane gas (Humphrey, 1959). The
gas emitted from coal requires constant ventilation of
the working area; occasionally, when ventilation is in-
adequate, mining must stop because of the dangers of
explosions of methane-air mixtures. Despite the
technology developed and knowledge of the causes, there
are still ignitions of gas causing explosions and loss
of lives. Nine people have lost their lives in Colorado

alone in the last 11 years due to methane gas explosions.

To get a better picture of the amount of gas
that coal mines ventilate and emit to the atmosphere
in the United States, it has been calculated that more
than 200 million cu ft of gas per day is being vented
Into the atmosphere. As of March 16, 1976, mines in
Colorado and Utah alone vent 11.4 million cu ft each
day. More than 43 billion cu ft of gas is wasted
from U.S. mines each year, of which 4.2 billion cu ft
Is from Colorado and Utah mines. It takes about 450
cu ft of gas per day to heat or cool an average house
In Denver. This means that the gas wasted from mines
in Utah and Colorado is enough to supply the fuel needs

1

Geologist

2Supervisory Geologist

%Cﬂnloch now with Dames & Moore, Cincinnati, Ohio.

1976 Sympogiwm on the Geology
of Roeky Mowntain Coal, p. 121-136

These are:

(1) vertical boreholes; (2) horizontal boreholes;

of 25,000 homes in this area each day. This gas could
be compressed and pumped to gathering areas, where it
could be transmitted by the pipeline system already
available, which has lines going through most of the
coal regions of Colorado (Fig. 1).

CURRENT WORK

The Bureau of Mines is conducting cooperative
studies with the Colorado, Oklahoma, and Utah Geologi-
cal Surveys. We are collecting data on the coalbeds
in these states to determine which coalbeds are the

gassiest and thus have the potential for methane drainage

ahead of mining.

Our work is conducted in three phases. First,
data on the individual coals (including cores) are
collected to determine the gas content of important
coalbeds. It has been estimated (Landis and Cone,
1971) that approximately 94 percent of the coal of
Colorado will be extracted by underground mining
systems. In the second phase, a detailed geologic
study of selected areas is conducted to determine the
potential effect of methane emissions on mining and
the possibilities of methane production from the coal-
beds. |In the third phase, areas will be selected to
produce methane so that the gas can be utilized rather
than vented to the atmosphere and so that the coal can
be mined without danger of explosions of methane-air
mixtures.
in the first phase of the investigation, whereas in
Appalachia it is in the third phase.

Wheh a comprehensive methane control research

program started 12 yrs ago, we had no clear understanding

of the factors that controlled the gas content of coal-
beds. Mine disasters caused by explosions of methane-
air mixtures provided no meaningful clues. But there
was some experience that indicated that the higher rank
coals were more gassy.

In the Western states, the Bureau is presently
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WESTERN COALFIELDS

Only about 25 percent of the coal
states is above subbituminous in rank (Fig. 2); until
recently, the rest of the coal was considered too low
in gas content per ton of coal in place to be concerned
about. This was an error, because where a bituminous
coal might be 10 ft thick and contain 300 cu ft of gas
per ton, a subbituminous coal 100 ft thick, containing
40 cu ft of gas per ton would comprise an even larger
resource of gas--and be just as hazerdous to mine
underground. Work by the U.S. Geological Survey in-
dicates that gas has been detected in the subbituminous
coals. Today, because of high costs, most of the coals
being mined underground in the Rocky Mountain region
are metallurgical coals. Such coal is of higher rank;
hence, more gas is produced per ton mined. This can
be seen on Table 1, which shows the methane production
of underground mines from Colorado and Utah.

in the Western
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Gas pipelines in Colorado

DIRECT METHOD OF DETERMINING GAS CONTENT OF A COALBED

In methane control, it is necessary to predict
or accurately estimate the gas contemt of a given coal-
bed. Once this is done, it may be possible to under-
stand why certain coal mines at given depths are much
gassier than others at the same depth.

The Bureau of Mines has developed a method of
calculating the gas content of a coalbed from explora-
tion cores (Kissell and others, 1973; McCulloch and
others, 1975). The results can be used to estimate
the resource potential of the coalbed to produce gas an
to design an adequate ventilation system for a coal mine
This was an important accomplishment. Now we can esti-
mate methane emission from a mine before it is opened.
The technique is simple, as is the equipment
(Fig. 3). Cost for all equipment necessary should be
under $100. The testing can be done in the field,
with no laboratory work required. It has been adopted
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by a number of coal mining and consulting engineering
companies and is routinely conducted as part of their
exploration programs. Members of both the Colorado
and Utah Geological Surveys also can run this test and
are willing to assist companies in determining the
gas content of their coals. The coal sample necessary
for the test can be collected from any type of hole
drilied or cored to the coalbed as long as the coal
itself is cored. The diameter of the sample can be
of any size. The cooling medium used in coring can be
air, mist, water, or mud. The only difference this
makes is in calculating the gas lost in bringing the
sample to the surface. It is important, once the coal
is cored, that the core barrel should be removed with-
out delay and the sample placed in the container and
the container sealed immediately to minimize the amount
of gas lost.

. The test can be conducted successfully with as
little as 100 g of coal, but more accurate data can be
obtained with larger samples of 1,000 g or more.

Once the sample has been sealed in the

desorpt jon cannister, the gas pressure will build up;
the gas emitted should be released periodically. The
initial emissions of gas from the coal are the largest;
the emissinn rate decreases with time. Within a few

Coal fields of the United States (prepared by U. S. Geological Survey).

days, the emission rate is low enough to require only
one reading per day.

To measure emission (Fig. 4), the desorbed gas
is bled off through a tube attached securely to the
valve head into an inverted graduated cylinder filled
with water. After the first day, the gas emitted should
be measured once a day until the daily emission has
fallen below 0.05 cm3/g/d for 5 consecutive days, as
seen in the Pittsburgh and Beckley coalbed samples
shown on Figure 5. This normally would take between 3
and 4 weeks. At this time, the coal sample can be
taken from the container for analysis. The gas still
remaining in the sample can be estimated graphically
(McCulloch and others, 1975).

After the total gas content of the sample has
been calculated, then simply divide the weight of the
sample, and the resultant is the cm3/g.

USE OF DIRECT METHOD TO DETERMINE IN-PLACE GAS AND
VENTILATION NEEDS

Once the gas content of a sample has been
determined, then the uses for these data are twofold.
They can be used to estimate the volume of air that
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Fig. 3.

will be necessary to ventilate a mine (Fig. 6). This
figure shows the relationship of gas emissions from
known mines to the cm”/g of gas measured from samples
taken on their property. The correlation is good for
mature deep mines that have a sustained coal production
of at least several thousand tons per day. New mines
emit less methane per ton of coal mined than older
mines with extensive old workings and gob areas that
still bleed gas.

For exgmple, if a sample from a mine property
contains 6 cm’ of gas per gram of coal, then we would
estimate that a mature mine would emit an average of
1,200 cu ft of gas for every ton of coal mined.

Also, and in some cases more importantly, the
data can be used to estimate the amount of gas contained
in @ coalbed to determine its resource potential. This
kind of study has been conducted in the Mary Lee group
of coals in Alabama (Diamond and others, 1976), and we
hope to conduct similar studies in the major coalbeds
in the Rocky Mountain states. Figure 7 shows desorption
data for 12 samples from the Mary Lee coalbed. These
samples were obtained from depths ranging from 620 and
2,200 ft and from high volatile to low volatile in rank,
respectively. The relationship of gas content to depth
for these samples shows that as depth of cover increases,

Desorption equipment disassembled.

the gas content increased for a given coalbed.

This relationship holds true only when samples
at different depths are taken throughout a coalbed to
represent a significant range. Similar relationships
also have been found for the Pittsburgh coalbed in West
Virginia and Pennsylvania and the Hartshorne coalbed
in Oklahoma. Once this relationship is known, an over-
burden isopach map (Fig. 8) is drawn. By using over-
burden and coal isopach maps, and knowing the relation-
ship of gas content to depth, the gas resource In a
coalbed can be calculated. For example, it has been
estimated that more than 1 trillion cu ft of methane is
contained in the coals of the Mary Lee group. It also
was estimated that approximately 90 percent of the
methane occurs at depths greater than 1,000 ft; more
than one-half of the gas is contained within only 12
percent of the study area at depths greater than 1,500
ft. This makes this area important not only for coal
production but also as a potential source of natural
gas.

A plot of overburden versus gas content for
all coal samples tested is shown on Figure 9. This
plot shows a very poor correlation of gas content with
depth, and obviously is not accurate enough to use for
prediction of gas content. Therefore, depth alone is
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Fige 4. Desorption equipment assembled for use.

not the controlling factor.

Another graph is shown (Fig. 10) that relates
the gas content of a coal to its rank. Fixed carbon
(moisture- and ash-free) is used as the rank indicator.
High-volatile coals contain little gas, usually on the
order of 1 to 6 cm3/g or 32 to 192 ft3/ton, The medium-
volatile coals contain between 6 and 12 cm’?/g, and the
|0w°VOIat§|e coals contain much more gas (between 10
and 19 cm?/g, or 320 to 608 ft3/ton). Most of the
Western coals are high-volatile, at least around the
edges of the basins and under relatively shallow over-
burdens, so we should not expect much gas; however, in
some areas the Western coals are of higher rank and
also are buried much deeper. These are the areas where
high rates of emission of methane can be anticipated
if the coals are to be mined underground.

By using this graph (Fig. 10), it may be
possible to estimate the gas content of a coal simply
by knowing only the percentage of fixed carbon. After
further testing, tnis type of graph may be used to
estimate the gas content of a coal when no samples are
available for direct testing. At present, the direct
method of testing is still the best and most accurate
way to determine the gas content of a coalbed.

The rank of the coals in the 8 coal regions of
Colorado has been estimated; the ranges of fixed carbon
are shown on Table 2. For example, the Uinta-Piceance
Creek basin has a much greater potential gas production
than certain other well-defined areas, such as the
North Park basin.

But this raises another question. What happens
to the rank of a coalbed with greatly increased depth?
What happens to a high-volatile coal like the Vermejo
coalbed in the Raton basin when its depth increases
from 700 to 2,000 to 5,000 ft? There is a strong
likelihood that the rank will increase. For example,
again relating the Mary Lee coal in Alabama to the
Western.coals--it is a high-volatile coal under 500 ft
of cover, but in two new mines with more than 1,500 ft
of cover, the Mary Lee is a low-volatile coal. The
mines at a depth of 500 ft have no methane control
problem, but those with more than 1,500 ft of cover
are emitting more than 3,500 cu ft of gas for every
ton of coal mined. This means a mine that will produce
3,000 tons per day must ventilate 10.5 million cu ft
of methane. Anyone working in the Rocky Mountain coal-
fields should consider this and be concerned as deep
mines are planned.
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BECKLEY
PITTSBURGH

Fig. 5. Decline curves for the Pittsburgh and Beckley coal beds.
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FOUR METHODS AVAILABLE FOR DEGASIFICATION

Once the gas content of a coalbed has been
determined by the direct method, it must be evaluated
as to its potential for producing gas. |If it is
determined that there is sufficient gas present to
warrant some type of degasification, then there are 4
possible methods available today that the Bureau has
developed and is constantly modifying.

Vertical Boreholes

The first is degasification through vertical
boreholes. These are holes drilled to the coal that
are normally of 6-in. diameter, cased to 4-1/2 in.,
and cemented. It is important that the coal be left
free of pipe and cement if possible. Gas flow into a
borehole is dependent upon coalbed permeability and
formation pressure. Some examples of measured pressures
are shown on Table 3. It should be noted that in order
for the gas to flow freely, the coalbed must be de-
watered. A greater rate of degasification can be
achieved by increasing coalbed permeability in the
drainage area and by increasing the surface area ex-
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emission,

posed for more rapid desorption. Hydraulic stimulation
is one method of accomplishing this (Elder and Deul,
1975). Figure 11 shows the marked increase due to
hydraulic stimulation of the Pittsburgh coalbed (high-
volatile) under 400 ft of overburden in Washington
County, Pa.
There are several kinds of stimulation treat-

ments available. Normally a 10,000-gal treatment

with 5,000 lbs of sand as a propping agent is used.

An increase in gas production of between 5 and 20 times
the prestimulation flows (Fig. 12) has been observed.
If it was anticipated that degasification would be
necessary, then it would be possible to lay out the
holes in such a way that the holes could be used for
degasification initially before mining reached the
area, as power-drop or rock-dust supply holes during
mining, and as gob degasification holes after retreat
mining.

Horizontal Boreholes

A second method available for degasification

is the use of horizontal holes drilled into the coal-
bed from the bottom of a shaft (Fig. 13) or from an
advancing entry. This method requires either that a

mine already exists or is past the planning stage and
shaft sites have been selected (Cervik and others,
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Fig, 7. Gas content of coal samples versus depth
of samples from Mary Lee coal bed in Alabama,
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TABLE | - Methane emission of unde‘ﬂrnhnc mi nes
in Colorado and uzam, ft-/d

State and Mine

Utah
Carbon Fuel No. 3 ...... Certecovaans 164,000
Soldier Canyon ......eeeeveennnnn.. 164,000
Sunnyside No. | «...ooiiiaioia.... 1,368,000
Sunnyside No. 2 ......ieiiiinnnan,, 36,000
sunnyside No. 3 .....ivevnnennnn... 395,000
EMEFY o vvevnenenenanrnennoneonennns 105,000
Colorado
Allen 452,000
Bear 65,000
Coal Basin 1,168,000
Dutch Creek No. 1 1,193,000
Hawk's Nest No. 3 68,560
Hawk's Nest East 6,600
Eagle 7,000
CMC 24,000
Bear Creek 650,000
Somerset 850,000
Dutch Creek No. 2 1,292,000
L. S. Wood 3,338,812
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19, 9, Gas content versus overburden for all
amples tested.

TABLE 2 - Rances of fixed carbon in Colorado

coal rzgfurs

Fixed carbon

- Cowa | -Hear ing Hegiuﬁ_ (maf) range
Green RivVer «...ieveveveeneeenens 48-59
NOFth Park .veeeereernneneennennns 38-56
SOUth Park weveeeeneneeneenennnas 542
Canyon City Embayment ........... Lo-61
Denver - Cheyenne .........c.oueue Le-61
RAtON o vvivvvenernneeneoneenannns L4-60
Uinta-Piceance .......eeeveeeenns L8-86
SAN JUAN o vttee e 43-61

1975). An example of this is the series of 7 horizontal
degasification holes (Fig. 14) drilled into the Pitts-
burgh coalbed from a small shaft drilled for that pur-
pose (Fields and others, 1973). After 1,267 days of
degasification, 741 million cu ft of gas has been re-
moved from the Pittsburgh coalbed. Also 344 million cu
ft of this gas had been purchased by a gas company, and,
with the use of a compressor, put into their gas lines
(Fields and others, 1975). The aggregate length of
these 7 holes is 4,325 ft; to date, the gas produced
from these holes amounts to 135 cu ft per day per

linear ft. This type of work could be done from a mine
shaft that had been sunk 5 yrs before it would be

needed for ventilation or mining, and the gas so pro-
duced should more than pay for the investment, while

at the same time making mining safer and more pro-
ductive.

Another site for degasification from horizontal
holes from a shaft bottom, at the Honey Run shaft, also
in the Pittsburgh coalbed, has a similar production
record. Over 724 million cu ft has been produced in
974 days, as of April 14, 1976. This horizontal hole
is averaging over 740,000 cu ft of methane per day.

Over 103 million cu ft of this quantity of gas has been
placed into a pipeline and sold. The aggregate length

of these 5 holes is 5,830 ft; to date, the gas production
has been 128 cu ft per day per linear ft.

The other method of using horizontal holes is
drilling them in advance of a working section in out-
side entries. This method would be used to degasify
a section of coal underground. The gas drained from the
coal would have to be piped through a manifold system
to the surface.

Horizontal holes also are used to degasify
longwall panels by simply drilling a series of hori-
zontal holes into the panel and allowing it to de-
gasify during development.

Slant-Hole Drilling

The third method is still experimental.
Directional drilling is a technique that has been used
for some time in the oil and gas industry. We have
adopted and modified this technique to drill holes
from the vertical on the surface to intersect the coal
at a glancing angle and to remain horizontal in the
coalbed (Fig. 15). This type of degasification com-
bines the techniques of vertical drilling with hori-
zontal degasification. The first slant hole we
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attempted was in the Pittsburgh coalbed in West
Virginia (Fig. 16). It intersected the coal success-
fully and drilling continued for 420 ft horizontally
in the coal. Pumps and tubing are set up on the site,
and gas production should begin by May 1, 1976.

Gob Degasification
The fourth method of degasification for

larger mines is gob degasification (Elder and others,
1969; Moore and Zabetakis, 1972). This entails

cm3/g

Gas content versus ranke.

drilling a series of vertical holes into a gob area
to bleed gas from the gob (Fig. 17) and hence pre-
venting its entry into the return air. A slotted pipe
is used. This technique is the same as that used in
vertical holes, except that the rock is not hydrauli-
cally fractured. Gob degasification can result in a
substantial reduction in the methane content of the
ventilation air. Figure 18 shows the reduction of
methane from gob degasification in the Pocahontas No.
3 coalbed in Virginia. Monitoring of returns from
longwall panels have shown significant reductions of
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TABLE 3. - Gas prasswres and Jdep-hs from vertical boreholes

Pressure Depth to
Location, measurgd, base of
_ Coa lbed [aagrilw and State 1b/in cral, ft
Pittsburgh Marion, W.Va. 168 930
Do. Monongalia, W.Va. 250 800
Do. Washington, Pa. 146 450
Lower Hartshorne LeFlore, Okla. 253 570
Do. Haskell, Okla. 670 1,410
Pocahontas No. 3 Wyoming, W.Va. 158 765
Do. Buchanan, Va. 580 1,415
Mary Lee Jefferson, Ala. 396 1,050
Castlegate Subseam No. 3 Carbon, Utah 266 980
t1linois No. 6 Jefferson, I11. 120 735
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Effect of Hydraulic Stimulation on Gas and Water Production

.Coalbed

Avg gas produc-
tion rate ft3/d

Avg water produc-
tion rate zal/hr

Before

After Before After

Pocahontas No. 3 600

Pittshurgh 7,000

12,000 1.3 2.9

35,750 5.6 26.3

Fig. 12,

methane emissions. This reduction would make it
possible to mine for longer periods of time without
costly shutdowns.

High gas flows have been observed. A hole in
the Pocahontas No. 3 coalbed yeilded over 800,000 cu ft
of high-purity methane per day under free-flow condi-
tions. More than 179 million cu ft was removed in a
15-month period. The methane concentration of the gas
discharged by the borehole during the study period
ranged from 77 to 100 percent. This occurred when
mining had just progressed past the hole. A year later
the methane concentration was still averaging 43 to 45
percent, high enough for use as a fuel.

The chief result of this degasification method
is that the methane flow rate decreased underground

and large fluctuations in that flow rate were eliminated.

This method could be adapted for Western mines using
longwall systems that have high gas emissions from
their gob.

SUMMARY

The emission of methane is one of the most
serious safety hazards faced in underground min‘ng
today. Mines in Colorado and Utah today emit over 11
million cu ft of gas each day; as mining progresses
and as new and deeper mines come into production, the
quantity of vented methane will increase.

For a mine to formulate a plan to adequately
cope with methane emission from the mined coalbed,
the methane content of that coal must be accurately
estimated.

A technique has been developed by the U.S.
Bureau of Mines to accurately estimate the methane
content of a coal core from a drill hole. The equip-
ment is simple and its total cost is less than $100.
The tests can be run in the field, and no laboratory
work or testing Is required. There are two main uses
for the results: (1) To estimate the resource potential

Gas production from vertical boreholes before and after hydraulic fracturing.
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Fig. 15. Plan view of proposed slant hole.
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Strata and slotted pipe for gob degasification.
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Fig. 18, Reduction of methane in mine workings from gob degaslfication.

of the coalbed for possible gas production, and (2) to
assist in designing an adequate ventilation system to
handle the methane emissions anticipated.

If the tests indicate that the methane content
is sufficient, then degasification of the coal prior
to mining could be planned. There are 4 methods pre-
sently available for this. These are: (1) vertical
boreholes; (2) horizontal boreholes; (3) slant holes;
and (4) gob degasification holes.

The degasification technique ultimately selected
will depend upon individual mine conditions. Degasi-
fication takes time, so advance planning is essential.
The specific techniques to be used also will depend on
the need to increase mine safety, mine productivity,
and a ready market for the produced gas.
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DEVELOPMENT AND NEED FOR COAL CHARACTERIZATION TESTS:
our current standarized tests that are used and accepted worldwide.

Commercial Testing and Engineering Company

This paper explains that the why, or need, for coal analyses is due mainly to the heterogeneity of the
It also touches on how the geological formation occurred and affected the final pro-

Explains the reason, need, and development of
It also recognizes today's organizations that

are continually working to develop new tests and update our current ones.

COAL SAMPLING AND PREPARATION PARAMETERS:

Covers some of the basic problems and acceptable approaches
to sampling and preparing coal samples for laboratory analyses.

The parameters governing the sampling of coals

by hand or mechanical samplers from bulk storage piles, unit train loadouts, and coal-core drilling programs are

given and explained.
COAL CHARACTERIZATION TESTS:

The basic theory of preparing the gross sample for the desired analyses is also covered.
This outlines the most acceptable and most frequently used coal
characterization tests normally performed in the modern coal

laboratory today. It also explains how some of

these tests are used in evaluating a given coal for a given use by the ultimate consumer.

COAL ANALYSES: WHY?

The basic answer to this question can be summed
up into one word. There are a number of good reasons,
but the one word that describes it best is economics.

In our capitalistic form of government, and
| am sure that each of us is aware that it is a capital-
istic government, as it definitely has all of the
capital--our capital! Economics does and must play a
major role in all of our endeavors. |t has permitted
us to build the greatest nation that ever existed on
the face of this God's green earth.

This reminds me of an occurrence a few short
years back that points this out quite vividly. | was
attending one of the meetings of our local Denver
(oal Club, and the speaker was speaking on the various
approaches to coal gasification and other coal conver-
sion processes. After his talk, and during the question
and answer period, he was asked if there had been devel-
oped newer and better parameters, other than the custo-
mary and historical parameters currently in use that
would better define a specific coal for use in the various
gasification or conversion processes. He replied that
the current, best hasic evaluation was, as in the past,
how many Btu's does one get for his dollar.

To review briefly the whys and wherefores of
;°§L we must define it and consider how coal came into
eing.

Coal may be defined geologically as a combusti-
ble, carbonaceous rock composed principally of carbon,
hydrogen, nitrogen, oxygen, sulfur, and mineral matter.
It is a highly complex and heterogeneous hydrocarbon,
and it has eluded official chemical formulation because
of the complex variety of chemical bond structures, and
because of variations in the amount of identifiable
©@al species from coal deposit to coal deposit.

In addition to its chemical heterogeneity, coals

1976 symposiim on the Geology
of Rocky Mowntain Coal, p, 137-141
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contain varying amounts of extraneous mineral matter.
Because these variations change both chemical and physi-
cal properties, coal characterization analyses are ex-
tremely important to producers and consumers of coal.
The chemical and the proximate analyses of coal
and of other solid fuels are strictly linked with the
chemistry and the technology of the solid natural raw
materials used in the generation of power, chemical
utilization, and other apparent areas in which coal
can and will be used. Analysis yields information
concerning the structure, the chemical nature, and
other properties of a solid fuel. It is, therefore,
not only the basic tool of scientific research on the
chemistry of coal, but also, in industrial practice,
an indispensable factor without which the preparation
and the economic utilization of coal and other solid
fuels would be impossible.
The knowledge that we have obtained over the
years, regarding the solid fuels, can be attributable
to the natural sciences, principally to geology, petro-
graphy, and palaeobotany, but above all to chemistry
and physical chemistry. The ultimate analyses of coal
have shown that the organic matter of the natural solid
fuels consists, practically speaking, of only 5 elements:
carbon, hydrogen, oxygen, nitrogen, and organic sulfur,
Coal heterogeneity, both chemical and physical,
reflects the history of its formation. The major coal
deposits of the eastern United States originated approxi-
mately 150 to 300 million years ago in the swamp forests
of the Carboniferous Period. At that time, the Earth's
mild climate encouraged vast growths of primitive trees
and vegetation. Approximately 3 to 7 ft of compacted
plant material was required to form one ft of bituminous
coal. The formation of the coal from these vast growths
of vegetation was accomplished by very special chemical
and physical transformation under extreme heat and
pressure. The progressive alteration from peat throuah
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a series of coals ranging from lignite to anthracite
was a time-consuming process.

Today, the utilization of this final product--
coal--includes the firing of industrial and utility
boilers, conversion to coke for chemical and metallur-
gical purposes, gasification, and liquifaction. It is
also a raw material for a wide range of applications
in the chemical industry, either directly or as a
by-product of other areas of utilization. Because of
its heterogeneous and complex composition, not all
coals are suitable for these purposes. Even within one

of these general classifications, there are subdivisions:

For example, coals suitable for grate-type boilers may
not be suitable for cyclone firing. If only for these
reasons, each coal must be subjected to a number of
chemical and physical tests to determine its suita-
bility for a specific use and application to a desired
market.

In the early 19th Century, Jedrzej Sniadecki,
an outstanding Polish chemist, proposed the followiny
unequivocal views on page 287 in his Volume |1,
"Introduction to Chemistry'":

“Earth coal, or mineral coal (lithantrax),
is found in vast seams, or strata, in
younger mountains or in plains made up of
the same strata. These coal strata, hori-
zontal or sloping, usually alternate with
strata of clay, sandstone, or limestone,
and are sometimes situated at very great
depths. Coal is always black; its luster
is sharp, almost metallic; it is rather
hard, and of course made up of flakes; it
is difficult to ignition [Sic], but once
ignited it gives a very strong fire and
burns a long time. [...] Most naturalists
see in Earth coal relics of wood, decom-
posed by sea water and by the organisms
dissolved in the sea. Indeed, recognizable
plants and trees are often found partly
altered into coal overlying the seams.
Moreover, the layers of earth and rocks over-
lying the coal, or alternating with the
coal seams, contain shells or the remains
of sea fish; this seems to prove that de-
posits of plant and animal organisms accumu-

lated on the sea floor and subsequently buried

in earth constituted the origin of the
mineral coal, a fact visibly confirmed

by the distillation of coal and the evolu-
tion of ammonia by fire. The deposits of
Earth coal are thus the work of the sea
and the relics of plant as well as animal
organisms; in particular, the fatness running
through them seems to be of animal rather
than plant origin. [...] Not always and
not everywhere is Earth coal exactly the
same, which is why it has been divided
into different species."

In view of the above, it is easy to understand
that the demand and subsequent development of analytical
techniques suitable for research and development work,
as well as the routine tests for use in industrial
practice, has resulted in the development and the
adoption of a great variety of procedures, some of
which are more valuable than others. In research and
industrial laboratory practice, many of the methods
suggested were rejected from the start, others needed

improvements and modifications, while many have proved
their great practical value. The development of these
acceptable practices, methods, and techniques has thus
been a slow and lengthy process.

COAL ANALYSES: WHERE?

This is a very simple question, and it has a
very simple answer: In a competent and qualified coal
testing laboratory. It cannot be stressed too much
that the laboratory must have proper knowledge and back:
ground in its field of endeavor. A large number of
the tests for coal characteristics are empirical, that
is, the test must be run by using the very same type
of equipment and the procedures for that specific test
must be followed exactly, otherwise the results between
different chemists and/or different laboratories witl
not be compatible. There is no college or university,
to my knowledge, that graduates a fully-qualified coal
chemist. During the 27 years that | have been involved
in coal analyses laboratories and the sampling and
the analyses of coal, we have constantly found that the
coal chemist must be grown. |t is true that a basic
understanding of chemistry is a must, but the true
coal chemist is only a reality after he has gone througt
the trial-by-fire training in a competent and qualified
coal testing laboratory.

Today, there have been developed standarized
coal tests that are accepted industrywide. Also, with
the current energy crisis, there is great pressure and
demand for additional methods and techniques that will
give us a much clearer insight into the evaluation and
utilization of the various species and types of coals.
There is a great need for much more definitive para-
meters, especially in those areas dealing with the gasi-
fication and liquifaction of coal.

The majority of the standardized coal tests
that are currently being used today by the world
coal industry have been developed by the American
Society for Testing and Materials (ASTM), the Inter-
national Organization for Standardization (1S0), and
the standardization bodies of other nations, of which
the Japanese Industrial Standards (JIS) is an example.
The ASTM standardization of tests for coal and coke
started formally in 1904, and this work continues today-
under Committee D.05.

Development of characterization tests required'
the work of many people over a long period. In the
United States, test methods emerged from individual
work supported by private industry, the U.S. Bureau of
Mines (USBM), and several State agencies. These tests
are accepted as standards on a consensus basis by
ASTM Committee D.05, which is composed of members from
3 groups: (1) Coal producers (owners), (2) consumers,
and (3) those actively working with coal (but not
owned by a producer or a consumer) .

The applicability of proposed standards are
carefully evaluated by testing coals of different rank.
Comparisons are made within and between ASTM members'
laboratories. Once established, these standards are
constantly feviewed and improved to meet changing
market requirements. Also, new and improved analyti-
cal equipment and techniques are reviewed to assure
that the ?est-available methods are utilized. Coal
characgerlzatlon tests commonly utilized to determine
the.SU|tability of each coal for a particular appli-
cation are summarized later in this discussion.
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COAL ANALYSES: WHEN?

The answer to this question is again one of
simplicity and logic: Whenever coal must be used, it
must be analyzed. |Its quality and adaptability for
the considered, planned, or intended use must be known.
Again, economics is a basic issue; it would not be wise
or economical to use a metallurgical coking coal for
steam purposes or in a coal conversion process, nor can
a non-agglomerating Western low-rank coal be used to
make matallurgical coke.

The initial analyses are usually done to evalu-
ate the coal in-situ--before it is mined. The current
cost to open and operate a modern mine has grown by
leaps and bounds in the past few years, especially since
the 1969 Safety and Health Act was passed and made the
law of the land. It is imperative that the quality and
use of the coal be determined and known so that the
necessary investment of the millions of dollars of
capital required to develop and mine the coals will
have a reasonable modicumof success and develop a rea-
sonable return on the required investment during the
life of the mine--normally 20 years or longer.

There are many times that analyses of coal
must be made, for example, during the development of
the initial mining plan, during the entire life of the
mine so that coals of reasonable average or even pre-
mium quality can consistently be supplied to the con-
sumer. Whenever a unit train is loaded, it must be
determined that the load meets contract specifications,
or, on today's market, that it will meet environmental
restrictions. Yes, | could enumerate many more in-
stances when coal must be analyzed, but those | have
given will give you the basic, logical approach to the
answer to this question.

COAL ANALYSES: HOW?

The most important procedure in how to analyze
coal is the sampling and sample preparation procedures.
If the proper representative sample of the coals under
consideration is not obtained and delivered to the lab-
oratory for analyses, it is impossible to obtain a
representative and accurate analyses. The coal analyses
results are only as good as the sample delivered to the
laboratory. It is very similar to the statement about
computers--trash in, trash out, or non-representative
samples to the laboratory, non-representative analyses
out. The very best trained and most competent coal
chemist cannot develop a good analyses on a bad or
non-representative coal sample.

The obtaining of representative samples from
coal-core drilling programs, coal stock piles, mine-
loading tipples, railroad cars, transfer points, unit
trains, or any other area coal must be subjected to
sampling for analyses and quality evaluation, presents
many variables and highly complex problems. The task
Oﬂobtaining a representative sample of reasonable
weight to represent the lot of coal under consideration
presents a large number of problems and, therefore, dic-
tates the utilization, wherever possible, of standard
sampling procedures. ASTM D 2234 introduces the problem
with the following statement:

'""Data obtained from coal samples are used
in establishing price, controlling mine
and cleaning plant operations, allocating
production costs, and determining plant

or component efficiency. The task of ob-
taining a sample of reasonable weight to
represent an entire lot presents a number

of problems and emphasizes the necessity

for using standard sampling procedures.

Coal is one of the most difficult of materi-
als to sample, varying in composition from
noncombustible particles to those which

can be burned completely, with all gradations
in between. The task is further complicated
by the use to be made of the analytical
results, the sampling equipment available,
the quantity to be represented by the sample,
and the degree of precision required.

""These standard methods give the over-all
requirements for the collection of coal
samples. The wide varieties of coal handling
facilities preclude the publication of de-
tailed procedures for every sampling situ-
ation. The proper collection of the sample
involves an understanding and consideration
of the physical character of the coal, the
number and weight of increments, and the
overall precision required.''

Again, the time to evaluate all of the problems
associated with coal sampling and preparation are too
lengthy and complicated to thoroughly cover in the
limited time available, but it is most imperative that
you obtain the very best qualified and trained person-
nel available to sample and/or obtain and prepare the
coal samples for you and your organization. It is
recommended that you hire and utilize the services of
a coal testing laboratory that has proven its com-
petency and expertise in this field, and also utilize
the services of consultants, both individuals and/or
organizations, that are above question. There is a
reasonably large number of these available and known.
Automatic or mechanical coal sampling devices require
the expertise of those that are knowledgable and ex-
perienced in this field. The maintenance, evaluation,
operation, and use of automatic coal sampling equip-
ment is a science in itself.

COAL CHARACTERIZATION TESTS

Coal characterization tests commonly utilized
to determine the suitability of each coal for quality
and/or a particular application are summarized in the
following paragraphs. A large number of these tests
are empirical, therefore, the exact same procedures
and equipment must be used by the various laboratories
before acceptable reproducible results can be produced.
ASTM methods give the acceptable tolerances allowable
between duplicate tests on the same sample, by the same
laboratory, and also results obtained by different
laboratories on duplicate splits of the same sample.

Proximate analysis, ASTM D 3172 (old standards
D 271-70), covers the determination of moisture, vola-
tile matter, and ash, and the calculation of fixed
carbon on coals and cokes. Some laboratories, especi-
ally Commercial Testing & Engineering Co., also include
the Btu and Sulfur determinations as part of the ''proxi-
mate''. The historic term ''proximate' is misleading
because it could be confused with the word' '‘approximate'',
whereas all proximate analysis tests are performed accord-
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ing to rigid specifications and tolerances. Results
of these analytical methods may be used (1) to estab-
lish the rank of coals, (2) to show the ratio of com-
bustible to incombustible constituents, (3) to provide
the basis for buying and selling, (4) to evaluate for
beneficiation, and (5) for the basic criteria of coal
quality, among other purposes.

The forms of moisture in coal have been studied
by a number of investigators, and even today some of
them are considered an arbitrary definition. Some
forms of moisture are as follows: (1) total moisture,
(2) free moisture or adherent moisture, (3) physically
bound or inherent moisture (that moisture held by vapor
pressure and other physical processes), (4) chemically
bound water (water of hydration of ''combined' water),
and (5) bed moisture (in-situ moisture).

Total moisture is determined by a two-step pro-
cedure (ASTM D 3302). This procedure involves air-
drying for removal of ''excess'' moisture from the gross
sample, size reduction, and thermal determination of
residual moisture in the prepared sample (ASTM D 3173).
An algebraic calculation is used to obtain the ''total"
moisture.

The as-recetved moisture is the total moisture
at a given time. This term is commonly used in the
trade to indicate the moisture present when the coal
is delivered to a point of transfer or to the ultimate
consumer.

Recognizing that ''total moisture' is of such
complexity that it must be defined in terms of its
method of measurement, ASTM Committee D.05 has defined
""total moisture' as a loss in weight in an air atmos-
phere under rigidly controlled conditions of tempera-
ture, time, and air flow. At least in principle,
""total moisture'' represents a measurement of all the
water not chemically combined. Traditionally, thermal
treatment has provided the most commonly used basis
for attempting to separate the non-chemically bound
water from coal. The absolute separation of absorbed
moisture without loss of a portion of chemically bound
water is practically impossible. The separation is
particularly difficult with coals of lower rank.

In other parts of the world, '‘organic reflux"
moisture tests have been used to determine the residual
moisture in the prepared sample (1SO R 348). Studies of
organic reflux techniques have been made in the United
States (USBM Rl 4969). These methods may be used to
determine moisture and may be particularly applicable
for our Western low-rank coals (subbituminous and
lignites).

Equilibrium moigture is the moisture-holding
capacity of coal at 30°C in an atmosphere of 97 per-
cent relative humidity (ASTM D 1412). The equilibrium
moisture of a sample of coal is considered to be equal
to the bed moisture, or in-situ moisture, for classi-
fication of coal by rank (ASTM D 388). Also, equili-
brium moisture results may be used for estimating the
surface, or extraneous, moisture of wet coal, especi-
ally where there appears to be excessive moisture.

The difference between total moisture and equilibrium
moisture would be surface moisture added during drilling.

Volatile matter is the gaseous products, ex-
clusive of moisture vapor, driven off during standardized
test conditions (ASTM D 3175). The expelled gases may
be labeled combustible and non-combustible. The com-
bustible gases are carbon monoxide, hydrogen, methane,
and other organic hydrocarbons. Those generally
classified as non-combustible are carbon dioxide,

ammonia, hydrogen sulfide, and some chlorides. Vola-
tile matter is a derived characteristic and is not a
natural component of coal.

Because empirical test methods are used, the
details of the test procedure must be rigidly adhered
to so that test results between laboratories are mean-
ingful. Using the standard ASTM procedure, it is
often difficult to obtain repeatable or reproducible
results with many low-rank coals. To overcome these
problems, low-rank coals have been blended with certain
low-volatile bituminous coals. Due to the increased
interest in low-rank coals, ASTM Sub-Committee D.05.21
has formed a task group to further investigate these
Western coals. Volatile matter test results are used
to establish the rank of coals, to indicate coke
yield on carbonization processes, or to establish
burning characteristics.

Ash is the non-combustible mineral matter left
behind when coal is burned under rigidly controlled
conditions of temperature, time, and atmosphere
(ASTM D 3174). The resulting ash obtained by this
method differs in composition from the inorganic
constituents present in the original coal. Burning
causes the expulsion of water from the clays and
calcium sulfate, of carbon dioxide from carbonates,
and the conversion of iron pyrites into ferric oxide.
Each of these reactions involves a loss of weight
from the original material. Formulas for correcting
ash values to the original mineral matter basis are
presented in ASTM D 388. Other ways in which ash
values are used are the following: (1) to calculate
other coal characterization values to an ash free
basis, (2) to evaluate the efficiency of coal cleaning
or beneficiation processes, and (3) to estimate the
amount of residue after coal is commercially burned.

Fixed carbon is the solid residue other than
the ash resulting from the volatile matter test.
Actually, the value is calculated by subtracting
moisture, volatile matter, and ash from 100 percent
(ASTM D 3172). The results would be on an '‘as-
received' basis. For a given sample, the fixed
carbon is always lower than the total carbon (see
ultimate analysis).

Another historic term,ultimate analysis,
refers to the individual elements which are combined in
the complex coal molecular structure. As defined in
ASTM D 3176, these elements are total carbon, total
hydrogen, total sulfur, total nitrogen, and oxygen.
Ash is included in ultimate analysis as an estimate
of the original mineral matter in coal so that it
will be possible to calculate the oxygen content.

Some laboratories, of which Commercial Testing &
Engineering Co. is one, also include the determination
of chlorine as part of the ultimate analysis.

Total carbon is determined by catalytic burning
of the sample in oxygen to form carbon dioxide, which
can be readily measured (ASTM D 3178). Total carbon
includes both organic and carbonate carbon. A total
organic carbon can be calculated by subtracting the
carbonate carbon, as determined by ASTM D 1756, from
the total carbon.

Total hydrogen also is determined by the catalyt
burning of a sample in oxygen to form water. This water
is absorbed in a desiccant and is weighed directly
(ASTM D 3178). Hydrogen results, as determined by
ASTM D 3178, include the hydrogen present in both the
residual sample moisture, and water of hydration. The
hvdrogen from the residual sample moisture can be
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removed stoichiometricall

be calculated to other mo?sgﬁilmbgs?l76).

formulae given in ASTM D 3176. ®
| Total sulf%r I's another part of the ultimate

analysis. Sul fur s genera]]y present In 3 forms

and the sum of these is reported as the total s ]%

Total sulfur can be determined by the followin u3 ur

chemical methods (ASTM D 3177): (1) the Eschia

method, (2) the bomb-washing method, and (3) the high-

temperature combustion method. |n the Eschka methog

the sample is ignited in a mixture of magnesium oxidé

and sodium carbonate. The sulfur, now in a soluble

form, is leached with water and precipitated from the

resulting solution as barium sulfate (BasOy). The

precipitate is filtered, ignited, 'and weighed. In

the bomb-washing method, sulfur is also precipitated

as BaSOg-from the oxygen-bomb calorimeter washings.

In both instances, the sulfur content can be stoichiomet-

rically calculated. In the high-temperature combustion

method, the sample is burned in a tube furnace and

sulfur oxides are collected in solution and determined

by an acid-base titration.

Total nitrogen is determined by chemical di-
gestion (Kjeldahl-Gunning) methods (ASTM D 3179).

Total nitrogen is catalytically converted to ammonia.
The ammonia is distilled, absorbed by an acidic solu-
tion, and measured by an acid-base titration. While
not listed in ASTM D 3179, a semi-micro method has
proven to give equally accurate results. A semi-
micro method is described in 1SO R 333.

Total chlorine is determined by ignition of
the sample with Eschka mixture, a mixture of magnesium
oxide and sodium carbonate. The chlorine, now in solu-
ble form, is leached with water and precipitated with
silver nitrate as silver chloride. The amount of
chlorine is determined by a back titration with potas-
sium thiocyanate.

Ash as discussed previously under proximate
analysis, is analyzed according to ASTM D 3174.

Since there is no satisfactory direct ASTM
method of determining oxygen, it is calculated by
subtracting total carbon, total hydrogen, total sulfur,
total nitrogen, total chlorine, and ash from 100 percent
(ASTM D 3176). A method for the direct determination
of oxygen is given in U.S. Bureau of Mines Rl 6753.
However, the method is lengthy, and for most applications,
the increased precision is not considered by United
States investigators to be in proportion to the effort
extended .

Other important chemical and physical tests
performed to characterize coal are:

Results can
according to

Heating value (Btu content)
Sulfur forms

Ash fusibility temperatures
Ash analysis

Trace elements
Free-swelling index
Hardgrove grindability.
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The heating value, sometimes referred to as
calorific value, or Btu/lb, is one of the most impor-
tant determinations necessary in buyer-seller relation-
ships. Several methods have been proposed, but the
most common method is the adiabatic bomb calori-
meter (ASTM D 2015). The Btu value is determined by
actually burning a coal sample in an oxygen bomb and
measuring the temperature rise. The temperature rise
is converted to Btu/lb by algebraic comparison with
the heating value of a standard pure solid, benzoic
acid. Corrections are made for the heat contributed
by the ignition wire, the heat of formation of nitric
acid, and the heat of formation of sulfuric acid (from
the sulfur in the coal). The gross heating value is
normally reported, which assumes that all the combustion
product water vapors are condensed. The net heating
value, a lower value, is calculated from the gross
value by assuming that all water in combustion product
remains in vapor form (ASTM D 407).

As | have just pointed out, there are a large
number of additional coal characterization tests used
in the evaluation of coal for its intended use, but
time will not permit me to cover these today. There
are also screen or sizing analyses, washability
studies used to develop washing plants or benefi-
ciation designed parameters, as well as specific
specialized coking tests and others. It is very
important that you discuss these additional tests,
their need, and application thoroughly with the
laboratory before your final analyses program for
the evaluation of your specific coal is finalized.
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Laying out core preparatory to placing coal in methane
desorption cylinder, Huerfano County, Colorado
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ABSTRACT: Since 1971, the U.S. Geological Survey,

in cooperation with other Federal and State agencies, educa-

tional institutions, and private companies, has collected and chemically analyzed more than 3,100 channel samples

of coal beds from 30 States.

For each sample, the Survey's analytical

laboratories have quantitatively determined

the amounts of 24 major, minor, and trace elements (including As, Cd, Cu, F, Hg, Pb, Sb, Se, Th, U, and Zn), and
have semiquantitatively determined the concentrations of between 15 and 20 additional trace elements (including

B, Be, Cr, Ge, Mo, Ni, and V).

In addition, the U.S. Bureau of Mines has performed proximate and ultimate analyses,
and Btu and forms-of-sulfur determinations on most of the samples.

These analytical data on coal are used for

environmental evaluations; assessment of possible coal-mining, coal-preparation, and coal-use problems; estimating

byproduct recovery potential; and geological and geochemical

interpretations.

Rocky Mountain province and Northern Great Plains province coals, when compared to Interior province

coals, have appreciably lower concentrations of most elements of environmental concern.

Distinct compositional

differences also exist between adjacent cbal regions or fields, as shown by data from the Fort Union and Powder
River regions and by data from the San Juan River region and Black Mesa field.

INTRODUCTI ON

Three topics are to be covered in this paper:
first, a brief review of the U.S. Geological Survey's
program on the composition of coal; second, a discussion
on how analysis for major, minor and trace elements
are used; and, third, a summary and brief comparison
of coal compositional information from the Northern
Great Plains, Rocky Mountain, and Interior coal pro-
vinces, from the Powder River region and Fort Union
region and from the San Juan River region, and Black
Mesa field (see Fig. 1).

U.S. Geological Survey's Program on Composition of Coal

One objective of the Survey's program on com-
position of coal is to provide a detailed data base for

evaluating the overall chemical composition of coal

in the United States. This program began in 1971 with
the U.S. Department of Interior's Southwest Energy
study. During the course of this study, major, minor,
and trace elements in 71 coal and 16 power plant ash
samples from the Southwestern United States were deter-
mined (Swanson, 1972).

Since then, some 3,100 samples of coal, power-
plant ash, and coal-associated rocks have been sub-
mitted to the Survey's analytical laboratories. These
samples represent coals from 30 of the 37 States that
have coal-bearing rocks and were collected by U.S.
Geological Survey personnel, State Geological Survey
personnel, and personnel from mining companies and uni-
versities.

The geographic distribution of these samples is
indicated on Table 1.

Table I: Geographic distribution of coal and coal-related rock and ash samples.

Ares - Number of Area Number of

st les - . wArpal e
Eastern province 883 Rocky Mountain province 690
Gulf Coast province 70 Pacific Coast province 10
Interior province 425 Alaska province 90
Northern Great Plains province 920 Total samples 3,088
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EXPLANATION
Coal-bearing area Rank of coal:

1 Northern Great Plains Province

% Medium-and high-
2 Powder River Region volatile bituminous

3 Fort Unton Region .

K Low-volatile

4 Rocky Mountain Province bituminous

5.San Juan River Region

6 Bluclf Mesa _F'eld i J Sub-bituminous

7. Interior Province [P,

Lignite

Fig 1: Location of coal-bearing areas discussed in
the text. (modified from Trumbull, 1960)

All the different analyses for more than 2,000 of the
approximately 3,100 samples have been completed.

The sequence of analyses preformed on samples is
shown on Figure 2.

A total of 24 major, minor, and trace elements are de-
termined quantitatively. An additional 15 to 20 ele-
ments are determined semiquantitatively.

USEFULNESS OF MAJOR, MINOR, AND TRACE ELEMENT DATA
ON COAL

There are four somewhat overlapping reasons
for obtaining comprehensive and precise chemical analy-
ses on coal: (1) to assess environmental implica-
tions of coal mining and utilization, (2) to determine
the most suitable use of coal, (3) to assess possible
byproduct recovery, and (4) to provide a base for
making geological and geochemical interpretations.

Environmental implications: In concentrated
amounts, some trace and minor elements in coal may
cause environmental problems. Current interest is
focused on the amounts of mercury, arsenic, selenium,
antimony, fluorine, cadmium, lead, boron, and beryllium
that may be released to the atmosphere during coal
combustion or to soils and water from coal ash. The
Federal Clean Air Act of 1970 sets SOp controls, and
indicates that emission standards will be set for
both beryllium and mercury. Very likely within the
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next decade standards also will be set for arsenic,
selenium, fluorine, and cadmium.

The concentration level of an element in coal
does not directly indicate the concentration level or
the form in which an element is emitted from a coal-
fired power plant. After combustion, the relative
amounts of an element in the bottom ash, fly ash, flue
gas, or process water, depend upon many factors, in-
cluding size and operating temperature of the furnaces,
number and efficiency of the scrubbers and precipita-
tors, and the mineralogical composition of the ash.
For example, in a study of three power stations by
Radian Corporation for EPA, the selenium emission to
the atmosphere ranged from a few to almost 65 percent
of the selenium initially in the coal (Radian Corpora-
tion, 1975).

The first step in evaluating the fate of each
element during combustion is to determine how much and
in what form each element is in the coal. With this
knowledge, preferably obtained before mining and utili-
zation, plans can be made to control, or at least mini-
mize, problems that may arise. Contingency plans may
include selective mining, prewashing the coal, or
blending with other coal.

Technological use: Trace and minor element
composition of the coal can be a factor in plant de-
sign, and in the physical preparation of the coal
necessary prior to use. Boiler fouling and corrosion
are potentially serious problems that are caused pri-
marily by high concentrations of alkali metals (parti-
cularly sodium), sulfur, and chlorine. |In coking coals,
elements such as phosphorous and arsenic tend to lower
the steel quality, and their concentrations and dis-
tribution have to be considered. |If the coal is to
be used for coal gasification or liquifaction, the con-
centration and distribution of possible catalytic poi-
sons, such as vanadium, need to be known. Not every
trace or minor element in coal is detrimental, however;
for example, high concentrations of cesium and potas-
sium in the coal may be a definite asset if the coal is
being considered for a magnetohydrodynamic power plant.

Byproduct recovery: Some elements in coal may
be concentrated sufficiently to be of economic interest.
The best example is zinc which is locally present as
sphalerite (ZnS) in the coal of northwestern |1linois,
southeastern lowa, and northeastern and southwestern
Missouri. In the coal of this region, sphalerite
occurs with pyrite, calcite, and kaolinite in vertical
cleats or fractures. B8ecause of the relatively high
sulfur content of this coal, the coal is commonly
washed before use to remove most of the sulfide miner-
als by gravity separation. Thus, the sphalerite is
removed and concentrated in the heavy mineral fraction.
The maximum content determined in a mineable coal is
about 6,000 parts-per-million zinc, calculated on a
whole-coal basis, or about 3 percent of the ash. If
all of the zinc could be recovered in a coal-washing
plant, from a mine producing one million tons of this
coal per year, an ore containing about 6,000 tons of
elemental zinc could be shipped to a smelter each year.
With zinc currently selling for about 37¢ a pound, the
6,000 tons could represent nearly $4.5 million worth
of zinc.

Other elements that may be economically re-
coverable from coal include germanium, selenium,
uranium, and vanacdium. In the current study, concen-
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PRINCIPLE PHASES IN COAL

HATCH AND V.,

MAJOR ELEMENTS

E. SWANSON

MINOR AND TRACE ELEMENTS

A. Organic fraction C, H, N, O S, Fe, Ti, B, Ni, V, Cu, Mo, Co,
Cr, Ga, Mn, Ge, Be
(Na, Ca, Mg, Sr, and Ba in lower
rank coals)
B. Silicate fraction
Clays Si, Al, K, Mg, Ca, 0 B, Ti, 2Zr, Fe, Cu, V, Cr, Ni, Mn,
Quartz Pb, Sc, Ga, Li

C. Sulfide fraction

Pyrite or marcasite Fe, S As, Hg, Sb, Cu, Ni, Co, Se, Ag
Sphalerite Zn, S Cd, Ge
D. Carbonate fraction Ca, Mg, Fe, C, O Mn, Sr, Ba
E. Other mineral fractions
Phosphate Ca, P, O F, U
Sulfate Ca, Ba, Na, S, O Sr
Oxide Ti, Th, Mn, O
Fig. 3: Association of major, minor and trace elements with each of the principle phases of coal.

trations of germanium in coal ash of up to 1,000 parts-
per-million (0.1 percent) have been determined for sam-
ples from the eastern United States.

Geochemical interpretations: The fourth reason
for chemical analyses of coal is to obtain geochemical
information. The geochemical behavior of an element
can be better understood through knowledge of its dis-
tribution among the several organic and mineral compon-
ents of coal. Regional, local, and stratigraphic vari-
ations in element concentrations or in ratios between
elements may lead to a better understanding of paleodeposi-
tional processes and subsequent geologic history. It
should be emphasized, however, that trace and minor ele-
ment data by themselves, to date, have supplied few
unique geological interpretations. Geologically useful
information supplied by element data will more than
likely be supplemental to information supplied by de-
tailed stratigraphic and sedimentological studies.

There are two primary problems in basing geolo-
gic interpretations on element data only: First, the
given element may have been fixed in the coal at several
different time periods, and, second, the element may be
in the coal in one or more phases. An element may be
incorporated in the coal through fixation in the ori-
ginal plant material or brought in with detrital minerals,
through adsorption by organic compounds during the peat
stage, or through deposition of minerals in cleats or
fractures from ground water or hydrothermal solutions
moving through the coal. One consequence of multiple
depositional processes is that an element may occur
in the coal in a variety of phases. Figure 3 illus-
trates the possible residence sites of many of the
major, minor and trace elements in coal. Sources of
information summarized in this figure include Clark
and Swaine (1962), and Zubovic and others (1960 and

1961).

The principal conclusion to be drawn from
Figure 3 is that many elements have more than one
possible phase association in the coal. Calcium, for
example, may occur in the coal as an insoluble humate
(Fuchs, 1935), possibly included in the expandable
or mixed-layer clay minerals described in coal by Glusko
ter (1967), in calcite or dolomite (Rao and Gluskoter,
1973), in apatite (Ruch and others, 1974, plate 1) or
in the gypsum observed on most coal outcrops.

The geological application of trace and minor
element data requires knowledge of the concentration
level of an element, and also the distribution of that
element within the coal bed. An example of the geo-
logical use of element data is in the use of boron as a
paleosalinity indicator. Many researchers, including
Walker (1968), Couch (1971), and Bohor and Gluskoter
(1973), have shown that boron concentration in illite
is an indicator of the paleosalinity. An analysis of
total boron in coal would include the organically bound
boron, boron in clays other than illite, as well as
boron in other detrital minerals such as tourmaline.
Therefore, because of these different boron residence
sites, any reported boron analyses of coal will be
relatively useless for paleosalinity determinations
until the distribution of boron within each coal is
carefully determined.

CHEMICAL COMPOSITION OF WESTERN COAL

Statistical summaries are presented for currentl
available modern U.S. Geological Survey analyses of !
coal from the Northern Great Plains and Rocky Mountain
provinces; from the Fort Union and Powder River regions;
and from the San Juan River region and Black Mesa field.
For comparison, a statistical summary of Interior Pro-
vince coal follows those of the Northern Great Plains



TRACE ELEMENTS IN ROCKY MOUNTAIN COALS

and Rocky Mountain province. Two tables are given for
each of these 7 areas; the first table lists means and
ranges of major and minor oxides and 5 trace elements in
ash of coal; the second table presents the means and
ranges of elements measured directly on whole coal,

or calculated from ash analyses to a whole-coal basis,
and includes a listing of the average composition of
shale (Turekian and Wedepohl, 1961, table 2) for com-
parison.

Many of the chemical analyses used to compute
the statistical summaries presented on Tables 2 through
8 are listed in Swanson (1972), U.S. Geological Survey
and Montana Bureau of Mines and Geology (1973, 1974,
and 1976), U.S. Bureau of Land Management (1975a, b,
and c), Glass (1975), Swanson and others (1974), and
Swanson and others (1976).

In this report the geometric mean (GM) is used
as the estimate of the most probable concentration (mode);
the geometric mean is the antilog of the mean of the log-
rithm of concentration. The measure of scatter about the
mode used here is the geometric deviation (GD) which is
the antilog of the standard deviation of the logarithms
of concentration. These statistics are used because of
the common tendency for the amounts of trace elements
in natural materials to exhibit positively skewed fre-
quency distributions; these distributions are normalized
by analyzing and summarizing trace element data on a
logarithmic basis.

If the frequency distributions are lognormal,
the geometric mean is the best estimate of the mode,
and the estimated range of the central two-thirds of the
observed distribution has a lower limit equal to GM/GD
and an upper limit equal to GM'GD. The estimated range
of the central 95 percent of the ofserved distribution
has a lower limit equal to GM/(GD)“ and an upper limit
equal to GM- (GD)2 (Connor and others, 1976).

Although the geometric mean is, in general, an
adequate estimate of the most common concentration, it
nevertheless, a biased estimate of the arithmetic mean.
in the summary tables of data, the estimates of the
arithmetic means are Sichel's t statistic (Miesch, 1967).
In this report the terms arithmetic mean, average value,
and abundance are used synonymously.

A common problem in statistical summaries of
trace element data arises when the element concentration
in one or more of the samples is below the limit of
analytical detection, resulting in a censored distri-
bution. Procedures developed by Cohen (1959) were used
to compute unbiased estimates of the geometric mean,
geometric deviation, and arithmetic mean where the con-
entration data are censored.

is,

DISCUSS 10N

A comparison of the average (arithmetic mean)
composition of ash of coal from the Northern Great
Plains, Rocky Mountain, and Interior provinces (Tables
%, 3a, and ha) shows that the Ca0, Mg0, Na,0, and
503 content of the ash of Northern Great Plains pro-
vilce coal is about two times greater than in the other
two provinces. The ash of Rocky Mountain province coal
is similarly higher in Si0, and AIZOg: whil? the ash of
Interior province coal is two times higher in K20,
F3203, and MnO, and Zn, Cd, and Pb are five to ?5
times higher. The average ash content of Interior pro-
vince coal is 50 percent greater than that of Northern

Great Plains coal. .
When compared on a whole-coal basis, Northern
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Great Plains province coal has a higher Mg and Sr con-
tent, Rocky Mountain province coal is higher in Si and
Al, while the Interior province coal is distinctly
higher in K, Fe, Mn, As, Cd, Cu, Pb, Sb, Se, U, Zn,
Be, Co, Cr, Mo, and Ni.

A comparison of the average composition of coal
ash from Fort Union region coal with coal ash from Powder
River region coal (Tables 5a and 6a) shows that the Fort
Union coal ash contains nearly twice as much Mg0 and
Na,0, while Powder River region coal ash has a higher
content of Si0,, AI20 , KZO' Cu, Pb, and Zn.' The'aver-
age ash content of the coal from the two regions is very
similar.

When compared on a whole-coal basis (Tables 5b
and 6b), Fort Union region coal has a Mg and Na content
about twice that of coal
Powder River region coal is significantly higher in Si,
Al, K, Cu, Th, Zn, Cr, Ni, and V.

A comparison of the composition of coal ash from
the San Juan River region with that from the Black Mesa
field (Tables 7a and 8a) shows that the San Juan River
region coal ash is significantly higher in Si02, A|203,
Li, and Pb, while the ash of coal from the BlaCk
Mesa field is significantly higher in Ca0, Mg0, Fe203,
and 503.

When a comparison is made on a whole-coal basis
(Tables 7b and 8b), San Juan River region coal has
significantly higher contents of Si, Al, Na, K, Mn,

Ti, Cu, F, Hg, Li, Pb, Th, U, Zn, B, Ga, V, and Zr.
Because San Juan River region coal has more than twice
the average ash content when compared to Black Mesa
field coal (21.1 versus 8.0 percent), many of these

elements very likely are associated with detrital minerals

in the coal.

SUMMARY OBSERVATIONS

1. When trace element contents in coal from the
Northern Great Plains and Rocky Mountain provinces are
compared to Interior province coal, the Northern Great
Plains and Rocky Mountain coal contains appreciably
lesser amounts of most elements of environmental concern.
In Western coal one just does not find the 150 ppm Se
or 250 ppm As values in the whole coal, or 60,000 ppm
Zn or 580 ppm Cd that have been noted in the ash of some
Interior or Eastern province samples.

2. Higher concentrations of Mg, and Na are
present in Northern Great Plains and Rocky Mountain
coal than in Interior province coal. Coal from the
Fort Union region is particularly high in these two
elements.

3. To date, no concentrations of trace and minor
elements in Northern Great Plains and Rocky Mountain
coal appear to be sufficiently high to be of economic
interest.

4. The average uranium content in mineable coal
from the Fort Union region is 1.0 ppm. This information
should serve to dispel the mistaken belief that large
amounts of uranium could be recovered from lignite
being mined in this region.

5. In a comparison of the average trace and
minor element contents of coal and shale, only
selenium (Se) is consistently enriched in the coal
as compared to shale. Coal, as a rock type, is de-
pleted in most other minor and trace elements.

In summary, one can conclude that trace and
minor element information will become increasingly

in the Powder River region, while



148

Table 2a:

(A1l samples were ashed at 525°C; L after a value means less than the value shown)

Arithmetic mean, observed range, geometric mean, and geometric deviation of 15 major and minor oxides
and trace elements in the ash of 490 Northern Great Plains province coal samples.

J. R. HATCH AND V. E. SWANSON

. Arithmetic Observed range Geometric .
Oxide or mean mean Geometric
element (abundance) Minimum Maximum (expected value) deviation
Ash % 9.8 3.2 84.9 _1;j6‘ 1.5
SiO2 7% 29 1.0 L 69 24 1.8
A1203 % 14 2.6 30 13 1.5
Ca0 7% 19 .36 49 16 1.8
Mg0 7% 4.59 .28 14.3 4.00 1.7
NaZO 7% 2.07 .27 12.4 1.00 3.3
K,0 % .45 .022 3.1 .22 3.3
Fe203 7 7.5 .12 77 5.6 2.1
MnO 7% .060 .02 L .45 .034 2.9
TiO2 % .67 .082 1.61 .59 1.6
SO3 7% 17 .28 45 15 1.8
Cd ppm .8 1.0 L 20 .5 2.4
Cu ppm 114 4.6 685 91 2.0
Li ppm 54 5 L 186 40 2.2
Pb ppm 62 25 L 1,660 49 2.0
Zn ppm 186 12 2,480 106 8

p
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Arithmetic mean, observed range, geometric mean, and geometric deviation of 36 elements in 490
Northern Great Plains

province coal samples (whole-coal basis). For comparison average shale values are

listed (Turekian and Wedepohl, 1961)

(As, F, Hg, Sb, Se, Th, and U values used to calculate the statistics were determined directly on whole-coal.
All other values used were calculated from determinations made on coal ash. L means less than the value

shown)
Geometric
Arithmetic mean

mean Observed range (expected Geometric Average
Element (abundance) Minimum Maximum value) deviation shale
Si 7% 1.4 0.01 L 25 1.0 2.3 7.3
Al % .73 .11 11 .61 1.8 8.0
Ca % 1.2 .086 7.8 1.0 1.6 2.21
Mg 7% .238 .013 .758 .218 1.5 1.55
Na % .122 .001 .672 .067 3.0 .96
K 7% .042 .001L 1.2 .018 3.7 2.66
Fe 7 .55 .010 14 .36 2.5 4.72
Mn ppm 50 9.0 L 440 33 2.5 850
Ti % .040 .004 .13 .034 1.7 .46
As ppm 4 1 L 45 2 2.5 13
Cd ppm .08 .02 2.7 .04 2.8 .3
Cu ppm 10.5 .34 76 8.2 2.0 45
F ppm 47 20 L 340 38 1.9 740
Hg ppm .11 .01 L 3.8 .08 2.2 A
Li ppm 5.6 .32 L 49.2 3.6 2.6 66
Pb ppm 5.9 1.2 L 76 4.8 1.9 20
Sb ppm .6 .1 L 43 .4 2.6 1.5
Se ppm .9 .1 L 13 .6 2.4 .6
Th ppm 4.3 .04 28 3.4 2.0 12
U ppm .9 .07 7.5 .6 2.6 3.7
Zn ppm 17.9 1.0 218 9.4 3.1 95
B ppm 70 15 300 70 1.8 100
Ba ppm 500 10 2,000 300 2.3 580
Be ppm .7 .1 L 15 5 2.4 3
Co ppm 2 .3 L 20 2 2.1 19
Cr ppm 5 .5 100 3 2.3 90
Ga ppm 2 .5 20 2 1.9 19
Mo ppm 2 .3 L 70 1.5 2.4 2.6
Nb ppm 1.5 .7 L 30 .7 3.3 11
Ni ppm 5 .5 L 300 2 2.5 68
Sr ppm 300 15 1,500 200 2.3 300
V ppm 15 1 150 10 2.3 130
Y ppm 5 7 L 30 3 2.1 26
Yb ppm .3 .07 L 3 .3 2.0 2.6
Zr ppm 15 2 150 15 1.8

160
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Table 3a: Arithmetic mean, observed range, geometric mean, and geometric deviation of 15 major and minor oxides
and trace elements in the ash of 295 Rocky Mountain province coal samples.

(A1l samples were ashed at 525°C; L after a value means less than the value shown)

ox Arithmetic Observed range Geometric )
xide or mean mean Geometric
element (abundance) Minimum Maximum (expected value) deviation
Ash 7% 13.3 1.76 88.2 10.9 1.9
SiO2 7% 46 15 79 44 1.4
A1203 7% 21 4.3 35 19 1.4
Ca0 7% 8.9 .21 35 6.2 2.4
MgO 7% 1.63 .22 7.10 1.4 1.8
Nazo 7% 1.39 .08 8.56 .68 3.3
K20 7% .65 .05 3.0 .45 2.3
Fe203 7% 7.6 1.1 26 4.5 2.8
MnO 7% .049 .004 .55 .029 2.8
TiO2 7% .89 .02L 1.8 .81 1.6
SO3 7% 8.4 .10L 29 5.1 2.7
Cd ppm 7 .5 L 4.0 6 1.9
Cu ppm 87 22 1,260 77 1.6
Li ppm 88 10 L 328 73 1.9
Pb ppm 45 20 L 195 41 1.5

Zn ppm 77 13 1,820 62 1.9
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ed range, geometric mean, and geometric deviation of 36 elements in 295 Rocky

samples (whole-coal basis)

For comparison average shale values are listed (Ture-

» ad U values used to calculate the statistics were determined directly on whole-coal.

used were calculated from determinations made on coal ash. L means less than the value

shown)
Geometric
Arithmetic Observed range mean
mean g (expected Geometric Average
Element (abundance) Minimum Maximum value) deviation shale
Si % 3.2 0.9 23 2.3 2.3 7.3
Al 7 1.6 .14 13 1.1 2.3 8.0
Ca % .61 .05 3.7 .48 2.0 2.21
Mg 7% .107 .015 76 .089 1.8 1.55
Na 7% .155 .002 .76 .055 4.2 .96
K 7% .092 .003 1.7 .041 3.6 2.66
Fe % .64 .10 4.2 .34 3.1 4.72
Mn ppm 33 2.7 492 20 2.6 850
Ti % .062 .001L .54 .047 2.1 .46
As ppm 2 1 L 50 2 2.5 13
Cd ppm .08 .021 .50 .05 2.7 .3
Cu ppm 10.8 1.3 100 8.4 2.0 45
F ppm 95 20 L 920 69 2.2 740
Hg ppm .08 .01 1.48 .05 2.4 .4
Li ppm 13 44 L 82.9 8.0 2.7 66
Pb ppm 6.5 .95 62 4.7 2.2 20
Sb ppm .4 .05 L 5.2 .3 2.2 1.5
Se ppm 1.6 .10L 5.7 1.2 2.1 .6
Th ppm 4.2 1.7 34.8 2.9 2.5 12
U ppm 1.9 .1 23.8 1.1 2.8 3.7
Zn ppm 10.7 1.0 380 6.8 2.6 95
B ppm 70 7 300 70 2.2 100
Ba ppm 300 3 1,500 150 2.6 580
Be ppm .7 .05 3 .5 2.3 3
Co ppm 2 .3 10 1.5 2.0 19
Cr ppm 5 .5 70 5 2.2 90
Ga ppm 5 .3 30 3 2.3 19
Mo ppm 2 .2 15 1.5 2.3 2.6
Nb ppm 1 .3 30 .5 2.6 11
Ni PPM 3 .7 20 2 2.1 68
Sc PPm 2 .3 15 1.5 2.0 13
Sr ppm 100 5 700 100 2.1 300
V ppm 15 1.5 100 100 2.1 130
Y ppm 7 .5 30 5 2.1 26
Yb ppm .7 .03 3 .5 2.2 2.6
100 20 2.3 160

W
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Table La: Arithmetic mean, observed range, geometric mean, and geometric deviation of 15 major and minor oxides
and trace elements in the ash of 155 Interior province coal samples.

(A1l samples were ashed at 525°C; L after a value means less than the value shown)

. Arithmetic Observed range Geometric '

Oxide or mean mean Geometric

element (abundance) Minimum Maximum (expected value) deviation
Ash 7% 15.7 2.1 45.9 12.9 1.9
SiO2 7% 27 3.5 57 24 1.7
A1203 7% 13 1.4 31 11 1.7
Ca0 7% 10 .31 30. 5.4 3.1
MgO0 7% 1.25 .10 L 10 .81 2.6
N320 7% .37 .08 3.4 .27 2.2
K20 7% 1.3 .07 3.2 99 2.0
Fe203 7% 30 3.6 69 26 1.7
MnO 7% .12 .010 4.7 .075 2.7
TiO2 7% .62 .10 1.4 .54 1.7
SO3 7% 7.0 .38 29 4.8 2.4
Cd ppm 48 1 L 580 .8 18.5
Cu ppm 147 26 632 126 1.7
Li ppm 74 10 L 276 54 2.2
Pb ppm 295 25 L 2,700 146 3.3

Zn ppm 2,220 36 60,000 451 6.0
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Table 4b: Arithmetic mean, observed
Interior province coal sa
kian and Wedepohl, 1961)

range, geometric mean, and geometric deviation of 36 elements in 155
mples (whole=coal basis). For comparison average shale values are listed (Ture-

(As, F, Hg, Sb, Se, Th, and U values used to calculate the statistics were determined directly on whole-coal.

All other values used were calculated from determinations made on coal ash. L means less than the value
shown; G means greater than the value shown)

Geometric
Arithmetic mean

mean Observed range (expected Geometric  Average
Element (abundance) Minimum Maximum value) deviation shale
Si % 2.0 .14 9.0 1.4 2.3 7.3
Al % .97 .15 3.6 .77 2.0 8.0
Ca 7 1.2 .025 6.3 .50 3.8 2.21
Mg % .089 .009 1.0 .063 2.3 1.55
Na % .035 .002 .21 .026 2.2 .96
K% .16 .011 .53 .11 2.4 2.66
Fe % 3.3 .23 16 2.3 2.4 4.72
Mn ppm 138 4.4 4,400 72 3.1 850
Ti % .052 .01 .21 .040 2.1 .46
As ppm 21 1 L 240 12 2.9 13
Cd ppm 7.1 .02 L 100 .12 18.3 .3
Cu ppm 20.2 3.7 158 16.3 1.9 45
F ppm 71 20 L 330 58 1.9 740
Hg ppm .14 .01 L .83 .10 2.3 .4
Li ppm 11 44 80 7.0 2.7 66
Pb ppm 55 7 L 283 19 4.3 20
Sb ppm 1.7 1 L 16 .8 3.4 1.5
Se ppm 4.6 .23 75 2.8 2.7 .6
Th ppm 5.2 3.0 L 79 1.6 4.8 12
U ppm 3.3 2 L 43 1.4 3.8 3.7
Zn ppm 373 1.2 18,000 58 6.9 95
B ppm 100 1.5 L 200 50 3.4 100
Ba ppm 70 5 3,000 30 2.6 580
Be ppm 3 .1 L 5 1.5 3.1 3
Co ppm 7 1 100 7 2.3 19
Cr ppm 15 2 70 10 2.0 90
Ga ppm 5 .5 L 10 3 2.0 19
Mo ppm 5 .7 L 50 2 2.8 2.6
Nb ppm 1.5 .5 L 7 .7 2.6 11
Ni ppm 30 1 200 18 2.4 68
Sc pPpm 3 .51 15 3 2.1 13
Sr ppm 50 3 5,000 G 30 2.8 300
V ppm 20 3 150 20 2.1 130
Y ppm 10 1.5 L 70 7 1.9 26
Yb ppm .7 .2 3 .7 2.0 2.6
Zr ppm 15 2 70 10 2.0 160
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Table 5a: Arithmetic mean, observed range, geometric mean, and geometric deviation of 15 major and minor oxides
and trace elements in the ash of 80 Fort Union region coal samples.

(A1l samples were ashed at 525°C; L shown after a value means less than the value shown)

o Arithmetic Observed range Geometric
xide or mean mean Geometric
element (abundance) Minimum Maximum (expected value) deviation
Ash 7% 9.5 5.04 25.6 9.0 1.4
SiO2 % 18 1.0 47 13 2.1
A1203 % 9.5 2.9 21 8.6 1.5
Ca0 % 24 6.3 38 22 1.4
Mg0 % 7.42 2.22 14.3 7.01 1.4
Nazo A 3.30 .08 12.4 1.43 3.7
K20 A .16 .06 1.2 .059 4.1
Fe,0, % 8.9 .12 50 5.0 2.9
MnO 7% .041 .036L .12 .019 3.6
TiO2 % .60 .09 1.1 .49 1.9
SO3 A 22 6.7 45 19 1.6
Cd ppm 1 L 1 L 1 1 L —
Cu ppm 56 46 132 42 2.1
Li ppm 36 5 L 160 27 2.2
Pb ppm 34 25 L 100 31 1.5

Zn ppm 31 12 272 26 1.9
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Arithmetic mean, observed range, geometric mean, and geometric deviation of 36 elements In 80 Fort

region coal samples (whole-coal basis). For comparison average shale values are listed (Turekian
and Wedepohl, 1961)

(As, F, Hg, Sb, Se, Th, and U values used to calculate the statistics were determined directly on whole-coal.

All other values used were calculated from determinations made on coal ash.

L means less than the value

shown.)
Geometric
Arithmetic Observed range mean

mean (expected Geometric  Average
Element (abundance) Minimum Maximum value) deviation shale
Si % 0.85 0.03 5.0 0.55 2.5 7.3
Al % .48 11 1.7 .41 1.7 8.0
Ca % 1.5 .78 2.8 1.4 1.3 2.21
Mg % .393 171 .668 .380 1.3 1.55
Na 7% .223 .006 .672 .095 3.7 .96
K% .013 .01 L .15 .006 3.6 2.66
Fe 7% .63 .01 8.9 .32 3.3 4.72
Mn ppm 41 20 L 118 29 2.3 850
Ti % .034 .01 .078 .028 1.8 .46
As ppm 5 1 30 4 2.4 13
Cd ppm .1 L 1 L .2 1 L 3.6 .3
Cu ppm 5.3 .3 15.4 3.8 2.3 45
F ppm 35 20 L 120 26 2.1 740
Hg ppm .14 .01 L .60 .09 2.4 .4
Li ppm 3.7 3 L 22.6 2.4 2.6 66
Pb ppm 4.4 1.4 L 11.1 3.8 1.7 20
Sb ppm A .1 3.0 .2 2.4 1.5
Se ppm .7 .1 2.0 .6 1.8 .6
Th ppm 2.8 2.0 L 9.4 2.4 1.9 12
U ppm 1.0 .1 L 5.1 .6 2.6 3.7
Zn ppm 3.0 1.0 27.7 2.3 2.1 95
B ppm 150 15 300 100 1.8 100
Ba ppm 500 15 2,000 300 2.9 580
Be ppm .5 .2 L 15 .15 4.1 3
Co ppm 2 .3 L 3 1.5 2.2 19
Cr ppm 2 .5 10 1.5 1.9 90
Ga ppm 1.5 .5 7 1.5 1.7 19
Mo ppm 1.5 .3 L 10 1 2.3 2.6
Nb ppm 1.5 1.5 L 5 1 4.0 11
Ni ppm 1.5 .7 L 7 1.5 1.8 68
Sc ppm 2 .5 L 7 1.5 1.9 13
Sr ppm 500 150 1,500 500 1.7 300
V ppm 5 1 30 3 2.2 130
Y ppm 5 1 L 15 3 2.0 26
Yb ppm .3 1 L 1.5 .2 1.9 2.6
Zr ppm 15 2 70 10 2.1 160
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Table 6a: Arithmetic mean, observed range, geometric mean, and geometric deviation of 15 major and minor oxides
and trace elements in the ash of 410 Powder River region coal samples

(A11 samples were ashed at 525°C; L after a value means less than the value shown)

Arithmetic Geometric
. Observed range .

Oxide or mean mean Geometric

element (abundance) Minimum Maximum (expected value) deviation
Ash % 9.9 3.2 84.9 9.0 1.5
SiO2 A 30 5.8 69 28 1.6
A1203 7 14 2.6 30 14 1.4
Ca0 % 18 .36 49 15 1.8
MgO 7% 4.01 .28 12.3 3.56 1.6
Na20 % 1.85 .03 8.71 .93 3.2
K20 % .50 .02 L 3.1 .28 3.0
Fe203 7 7.3 .39 77 5.8 2.0
MnO % .062 .020L .45 .036 2.8
TiO2 % .68 .08 1.6 .61 1.6
SO3 % 17 .28 39 14 1.8
Cd ppm 8 1 L 20 6 2.4
Cu ppm 123 30 685 107 1.7
Li ppm 58 1 186 43 2.2
Pb ppm 68 25 L 1,660 54 2.0

Zn ppm 208 16 2,480 141 2.4
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Ta : i i i i
ble §b Arithmetic mean, observed range, geometric mean, and geometric deviation of 36 elements in 410 Powder
River region coal sampl

es h '_ . . . ki
and Wedepohl, 1961) (whole-coal basis). For comparison average shale values are listed (Turekian

(As, F. Hg, Sb, Se, Th, and U values used to calculate the statistics were determined directly on whole-coal.

A1l o ther values used were calculated from determinations made on coal ash, L means less than the value

shown)
Geometric
Arithmetic mean
mean Observed range (expected Geometric Average
Element (abundance) Minimum Maximum value) deviation shale
Si % 1.5 1.6 25 1.2 2.1 7.3
Al 7 .78 1.4 11 .66 1.8 8.0
Ca % 1.1 .086 7.8 .98 1.6 2.21
Mg % .207 .013 .758 .195 1.4 1.55
Na % .106 .001 .491 .063 2.8 .96
K % .048 .001L 1.2 .022 3.5 2.66
Fe 7 .54 .051 14 .37 2.4 4.72
Mn ppm 51 10 443 34 2.5 850
Ti 7% .041 .004 .12 .035 1.7 .46
As ppm 3 1 L 45 2 2.4 13
Cd ppm .09 .1 L 2.7 .04 2.8 .3
Cu ppm 11.2 2.4 76 9.5 1.8 45
F ppm 49 20 L 340 40 1.9 740
Hg ppm .11 .01 3.8 .08 2.1 .4
Li ppm 5.9 .4 32 3.9 2.5 66
Pb ppm 6.4 1.2 L 76 5.1 1.9 20
Sb ppm .6 .1 L 43 A 2.6 1.5
Se ppm 1.0 .1 L 13 .7 2.5 .6
Th ppm 4.3 2 L 28.2 3.3 2.1 12
U ppm .9 .1 L 7.5 .6 2.6 3.7
Zn ppm 20 1.5 218 12.5 2.7 95
B ppm 70 15 150 50 1.6 100
Ba ppm 300 10 2,000 300 2.1 580
Be ppm .7 .l L 7 .5 2-3 3
CO ppm 2 .3 L 20 2 2.1 19
Cr ppm 7 .7 100 5 2.2 90
Ga ppm 3 .5 20 2 1.9 19
Mo ppm 2 .3 L 70 1.5 2.4 2.6
Nb ppm 1.5 .7 L 30 1 3.1 11
Ni ppm 5 .5 L 300 3 2.6 68
Sc ppm 2 .5 L 20 1.5 1.8 13
Sr ppm 200 15 700 150 2.2 300
V ppm 15 1.5 150 10 2.0 130
Y ppm 5 7 L 30 3 2.0 26
Yb ppm .5 .07 L 3 .3 2.0 2.6
15 3 150 15 1.7 160
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Table 7a: Arithmetic mean, observed range, geometric mean, and geometric deviation of 15 major and minor oxides
and trace elements in the ash of 79 San Juan River region coal samples.

(A1l samples were ashed at 525°C; L after a value means less than the value shown)

Arithmetic Observed range Geometric

Oxide or mean mean Geometric

element (abundance) Minimum Maximum (expected value) deviation
Ash 7 21.1 5.1 60 19.4 1.5
sio0, 7% 54 36 79 53 1.1
A1203 7% 24 14 31 24 1.2
Ca0 7% 4.9 .85 19 3.9 2.0
Mg0 7% .88 .50 1.94 .84 1.3
NaZO 7% 1.56 .26 2.85 1.40 1.6
K,0 7% .61 .11 1.6 .54 1.6
Fe203 7% 3.8 1.3 13 3.5 1.5
MnO 7% .022 .005 .049 .017 1.9
TiO2 % 1.0 .49 1.4 95 1.4
SO3 7% 3.7 1.3 14 3.2 1.7

Cd ppm 9 .5 L 1.0 8 1.4
Cu ppm 66 34 210 64 1.3
Li ppm 97 38 198 91 1.4
Pb ppm 66 25 110 63 1.4

Zn ppm 68 22 1,820 57 1.8
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» .geometric mean, and geometric deviation of 36 elements in 79 San Juan

For comparison average shale values are listed (Turekian and

Wedepohl, 1961)

(AS) F, Hg, Sb) Se, Th
All other values

» and U values used to calculate
used were calcylated from determi

the statistics were determined directly on whole-coal.

shown) nations made on coal ash. L means less than the value
Geometric
Arithmetic mean

mean Observed range (expected Geometric Average
Element (abundance) Minimum Maximum value) deviation shale
Si 7 5.4 .86 22 4.8 1.6 7.3
Al % 2.7 .45 6.0 2.4 1.6 8.0
Ca % .67 .10 3.7 54 2.0 2.21
Mg % 107 .047 .432 099 1.5 1.55
Na 7 .236 .032 .762 .203 1.7 .96
K 7 .16 .012 .79 .088 2.1 2.66
Fe 7 .54 .17 1.6 48 1.6 4.72
Mn ppm 29 7.2 83 23 2.0 850
Ti % .11 .042 .19 .097 1.5 .46
As ppm 3 1.0 L 40 2 2.5 13
Cd ppm .2L .05 L .4 . 2L 1.6 .3
Cu ppm 13.3 4.4 49.0 12.4 1.5 45
F ppm 122 20 L 500 92 2.1 740
Hg ppm .12 .02 1.20 .08 2.3 A
Li ppm 19.7 4.3 32.7 17.7 1.6 66
Pb ppm 13.1 1.5 22 11.7 1.6 20
Sb ppm .5 .1 1.8 A 1.8 1.5
Se ppm 2.0 1.1 4.0 1.9 1.3 .6
Th ppm 5.9 3.0 L 17.1 4.3 2.2 12
U ppm 2.5 .4 8.2 2.2 1.6 3.7
Zn ppm 15.1 1.8 380 11.1 2.2 95
B ppm 100 30 150 100 1.4 100
Ba ppm 300 70 1,500 300 1.9 580
Be ppm 1 .3 3 1 1.6 3
Co ppm 2 .7 L 7 2 1.6 19
Cr ppm 5 2 15 5 1.5 90
Ga ppm 7 1.5 15 7 1.6 19
Mo ppm 1.5 -7 L 7 1 2.3 2.6
Nb ppm 3 1 L 10 2 1.7 11
Ni ppm 3 1 10 2 2.0 68
Sc ppm 3 1 10 3 1.5 13
Sr ppm 100 30 300 100 1.6 300
V ppm 20 7 100 20 1.5 130
Y pom 7 3 15 7 1.5 26
Yb ppm .7 .15 103 0.7 1.5 2.6
Zr ppm 50 10 5 _"1.6 160




160 J. R, HATCH AND V., E. SWANSON

Table 8a: Arithmetic mean, observed range, geometric mean, and geometric deviation of 15 major and minor oxides
and trace elements in the ash of 26 Blask Mesa field coal samples

(A11 samples were ashed at 525°C; L after a value means less than the value shown)

Arithmetic Observed range Geometric

Oxide or mean mean Geometric
element (abundance) Minimum Maximum (expected value deviation
Ash % 8.0 3.2 13.6 7.4 1.5
SiO2 % 38 19 59 36 1.4
A1203 % 15 5.9 28 15 1.4
Ca0 7 15 3.4 27 13 1.7
MgO 7% 2.42 .75 6.11 2.20 1.5
Na20 7% 1.9 .39 4.79 1.45 2.1
K20 % .49 1L 1.3 .38 2.1
Fe20 7% 6.1 2.1 10 6.2 1.3
MnO 7% .018 .008 .035 .016 1.5
TiO2 7% 1.0 .78 1.3 .98 1.2
SO3 7% 13 6.0 23 12 1.4

Cd ppm 1 L 1 L 2.0 1 L 3.0

Cu ppm 70 54 127 69 1.2
Li ppm 47 20 89 44 1.4
Pb ppm 31 20 L 75 29 1.5

Zn ppm 67 20 275 54 1.9

——r AL ITEar==7 FeLoEa
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Table 8b: Arithmetic mea
Mesa coal samples (w
Wedepohl, 1961)

N, observed range, geometric mean, and geometric deviation of 36 elements in 26 Black
hole-coal basis). For comparison average shale values are listed (Turekian and

(As, Fy Hg, Sb, Se, Th, and u values d isti i i h
’ ’ ‘ ole=coal.
ATl other values used used to calculate the statistics were determined directly on w €

shown) were calculated from determinations made on coal ash. L means less than the value
Geometric
Arithmetic mean

mean Observed range (expected Geometric Average
Element (abundance) Minimum Maximum value) deviation shale
Si % 1.6 0.28 3.3 1.2 2.0 7.3
Al % .69 .21 1.8 .57 1.8 8.0
Ca % .78 .28 1.3 .70 1.6 2.21
Mg % .104 .046 . 245 .098 1.4 1.55
Na 7% .093 .025 .166 .079 1.8 .96
K % .037 .004 .13 .024 2.5 2.66
Fe 7% .31 .18 .53 .31 1.2 4.72
Mn ppm 9.7 4.9 16 9.0 1.5 850
Ti % .046 .021 .078 .042 1.5 .46
As ppm 2 1 L 10 1 1.9 13
Cd ppm .1 L .03 L .23 1 L 1.4 .3
Cu ppm 5.5 2.3 11.7 5.1 1.5 45
F ppm 51 20 L 100 41 1.9 740
Hg ppm .04 .02 .08 .03 1.6 .4
Li ppm 3.9 1.2 10.5 3.2 1.8 66
Pb ppm 2.7 1.0 5.6 2.4 1.7 20
Sb ppm .3 .1 .6 .2 1.7 1.5
Se ppm 1.6 .7 3.1 1.5 1.4 .6
Th ppm 2.2 2.1 4.6 2.0 1.6 12
U ppm .6 .2 L 1.1 .4 2.7 3.7
Zn ppm 5.6 1.1 32.5 4.0 2.3 95
B ppm 20 15 70 20 1.6 100
Ba ppm 300 150 500 300 1.5 580
Be PPm .5 A5 . 1.5 3 2.5 3
Co ppm 1.5 .5 7 1 1.9 19
Cr ppm 3 1 10 3 1.7 90
Ga ppm 2 -7 7 2 1.8 19
Mo ppm 1 -3 L 2 .7 1.8 2.6
Nb ppm 1.5 .7 3 1 2.0 11
Ni ppm 2 -1 10 2 1.9 68
Sc ppm 1.5 ) 2 1 1.5 13
St ppm 150 30 500 100 1.9 300
V ppm 7 3 20 7 1.6 130
Y ppm 3 1 10 3 1.8 26

.3 .1 1 .3 1.7 2.6

Yb ppm 15 3 70 15 1.9
Zr ppm . 160
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more important in helping to make the decisions as to
which coals will be mined, how a coal will best be
utilized, and what engineering designs will have to
be included in coal-fired power plants and in coal~
conversion plants.
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THE GEOLOGISTS ROLE IN COAL MINING

FRANCIS DEFILIPPO:

Denver, Colorado 80222

ABSTRACT:

Gates Engineering Company 1

The geologist is usually the first technical person to inspect a coal property for management;
therefore, the geologist's role in this initial stage of mining cannot be overemphasized.

The geologist

must be prepared to plan and execute a drilling, sampling, and mapping program, and to determine reserves

and conditions that affect the viability of a mining project.

In the construction and operational phase,

the geologist will be responsible for monitoring previous conclusions and making changes to the benefit of

the operation.

The geologist must lend himself to providing expertise in mine planning, development, additional
acquisitions, and other stages of operations that are necessary to a project.

INTRODUCTION

The geologist is usually the first technical
person to examine a coal acquisition prospect. Often
it is his decision whether or not additional funds
are commi tted to the prospect or that it be dropped.
To make sound decisions, the geologist should be
familiar with coal mining methods, operations, and
economics, as well as being accomplished technically.
Also, for better utilization of personnel and to assure
success of an operation, the geologist and/or manager
should be aware of the assignments in which a geolo-
gist can be used. This paper will highlight areas of
utilization of the geologist from initial prospect to
final reclamation.

EXPLORAT ION

To determine if a property is suitable for
the objectives of management, an exploration program
first must be initiated. The following section will
deal with the traditional role of the geologist in
a coal exploration program.

Planning a Drilling and Sampling Program
Proper planning of a drilling and sampling
program will ensure collection of the necessary

information at the lowest possible cost.
ments of this planning are as follows:
|. Literature search. The first step in
planning a drilling program is to do a thorough liter-
ature search. Federal agencies should be checked.
Contact the U.S. Geological Survey for open-file
reports, maps, published reports, and possible drill-
hole data. Check with the U.S. Bureau of Mines for
coal analyses, open-file reports, and publi?ations.
The U.S. Bureau of Reclamation may be planning a dam
and this property could be under 100 ft of water‘in
several years. In addition to data a!r?ady mentioned,
air photos, weather data, seismic activity, and other
useful information is available from several federal
sourcesétate agencies should be check?d. The.State
geological survey may have important information on

Major ele-
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file. Investigate mine maps on file at the State

mine inspector's office. The area of interest could
have been mined out or drill-hole information supplied
by an outside source may indicate that drilling

occurred in pillars of old coal workings.

Private sources should be investigated. Firms
such as Petroleum Information or American Strati-
graphic Company, both in Denver, often have data
(Samples, geophysical logs, well completion cards,
etc.) of oil and gas wells drilled in the area that
will give the geologist an idea of formation lithology
and tops. Examining records of previous drilling and
reports by private parties is essential.

2. Field inspection. A field inspection is
necessary for a properly planneddrilling program.
Geologic conditions, such as coalbed and marker bed
outcrops, should be investigated. Evidence of
faulting is another important item to look for.
Determine the strike and dip of key beds to help
in planning the depths of the drill holes. When large
areas are inaccessible, an aerial over-flight is most
useful.

An important consideration of an initial field
inspection is to determine the amount of surface
development. Are there surface structures that would
preclude caving of the strata above the coal? Will
aquifers supplying municipal, commercial, or domestic
water be affected adversely by mining? Such consider-
ations must be taken into account at the early phases
of a project to prevent costly and often embarrassing
law suits.

3. Drilling and sampling. The two main ob-
jectives of a drilling program are to obtain coal seam
thickness and quality information. |Is the coal of
steam (boiler) or metallurgical quality? The answer
to this question determines the number of core holes
to be drilled and types of analyses to be performed.
For steam coal, proximate analysis and ash-fusion tests
need to be run. Sometimes ultimate analyses also are
run. For metallurgical coal, proximate analysis and
free-swelling index (F.S.l.) are usually run with
other available tests.

"he use of geophysical logs are invaluable in
determining seam thickness. Also, information as to
formation lithology, porosity, and coal quality can
be derived from these logs, thereby reducing the number
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of core holes.

The number of core and rotary holes to be
drilled and their approximate depths should be determined
for bidding purposes. At times when several coal seams
are near the surface and close together, it might be
more economical to do straight coring. At other times,

it pays to rotary drill the hole, ascertain the location
of coal seams to be cored, off-set the rotary hole,
and then rotary drill to a point immediately above the

coal zone, and finally, continuously core the coal,
including a portion of the roof and floor rock.

Depending upon coal-seam continuity, drill sites
should be planned with approximately 4,000-ft centers.
If the seams appear to be lenticular, a closer spacing
of drill sites should be considered.

Points of project review should be planned in
the drilling program. Say, 50 holes are planned on
a reqgular spacing to cover a property on which little
or no drilling has been done. The first commitment
should be made to drill from 6 to 10 holes and to
evaluate the results of these holes. |f the results
are favorable, drill another 10 to 14 holes. After
results are unfavorable, abandon the project. After
the second phase of drilling, go through the evalu-
ation again for a similar ''go/no go'' decision. When
all the holes have been drilled, determine if addi-
tional fill-in holes are needed. These decision points
should be built into the drilling program before any
drilling occurs.

Locating Contractors

Sufficient time should be allowed to receive
bids from the major program contractors. By April,
many drilling contractors are booked for the summer
drilling season. The geologist should be aware of
these time constraints and remember that a rushed job
often results in additional costs and/or second-best
contractors.

Obtaining Permits

Depending upon the ownership of surface and
coal rights, Federal, State, or private permission
for access may have to be obtained. The geologist
may have to prepare permit applications from either
the U.S. Geological Survey or the state in question.
The information developed in the planning stage of
the drilling program will include much of the data
required. A geologic background is very important to
the proper completion of these applications.

Executing the Drilling and Sampling Program

After the drilling and sampling program is
planned, funded, and permitted, and the necessary
contractors arranged for, the program must be started.

1. Road location and construction. The
geologist will locate roads, keeping in mind access
via these roads, cost of construction, and minimization
of environmental damage. Supervision of the construction
and approval of bills for this work is an important
role of the geologist.

2. Site location and preparation. Usually
the geologist can locate drill sites from a topo-

F. DEFILIPPO

graphic map. A level site should be prepared for the
drill rig; and an area large enough for the drill rig,
water truck, and service vehicles should be cleared.
Mud pits of sufficient capacity must be dug. The
geologist should ensure that any top soil and vegetativ
cover is stockpiled for eventual site reclamation.

Upon completion of the drilling program, the drill hole
should be properly plugged and the sites surveyed in
and reclaimed.

3. Supervision of the drilling and sampling.
Supervision of the drilling and sampling is the pri-
mary role of the geologist in the field. He is require
to see that contractors perform their duties properly.
Also, the geologist must describe the cuttings and
core samples with particular attention to the roof
and floor rock and the coal.

When the coal sample is collected, the geologist
must see that the sample is representative of the seam
to be mined. A knowledge of mining techniques will
aid in this job.

4, Additional sampling. Although sampling of
the coal seam and enclosing strata is the most impor-
tant job of the geologist during the drilling phase of
property development, he must be aware of other aspects
of the overall operation so that information can be
gathered during this initial phase, rather than later
on at additional cost. Some examples are the collectio
of samples for overburden removal in surface operations
and eventual reclamation. Samples of this nature can b
tested for rock strength to identify parameters for
either drilling and blasting or ripping. Also, knowl-
edge of the chemical characteristics of the overburden
is essential in order to prevent leaching of toxic
materials and eventual contamination of the water re-
sources.

During this phase of the operation, sampling
and testing of water quantity and quality can be per-
formed by the geologist. Necessary water information
can be gathered to aid in planning coal washing plants
and for other industrial uses, for bath and domestic-
type mine facilities, for reclamation purposes, and for
public relations, such as leaving a hole open for a
rancher to obtain water for his cattle.

Compiling Drilling Results

As the data are collected and sent in from the
field, they must be digested and put in usable form
for planning purposes. This compilation is another
key role of the geologist. Necessary items are dis-
cussed below.

1. Isopach maps. To aid in mine planning,
the geologist should prepare isopach maps of coal
thickness. These maps will give the planner the
necessary information for preparing production and
machinery estimates.

Isopachs of heat (Btu) content, ash, and
sulfur content of the coal should be prepared in order
that the marketing people will know the quality of the
product and the production personnel will know what
blends to make.

Another necessary map in surface mining is a
stripping-ratio contour. This map will determine the
economic cut-off for the operation.

2. Geologic maps. Maps of a geologic nature
are the key to planning an efficient coal mining oper-
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ation. These maps should include structure contours,

the Io?aFions of major and minor faults, and rock types.
In addition, maps should be prepared displaying such
problems as high joint frequency, coal seam splits, ex-
cessive water, and poor roof and floor conditions. The
availability of these data provides planning personnel
with the information necessary to make any adjustment

in the mining plan.

3. Other maps. The geologist should supervise
the mapping, usually by air, of the property. When
obtaining topographic coverage, the locations of
pipelines, transmission lines, section corners, drill
holes, survey-control points, and the like should be
included. The scale of the map depends upon the use
of the map; therefore, maps with several scales should
be made.

DEVELOPMENT

The role of the geologist in this stage of a
mining operation is not so intensive as in the ex-
ploration stage, but his role nevertheless still is
vital.

Additional Drilling and Sampling

Drilling on closer spacing should be conducted
by the geologist at this time. Location of coal out-
crop burns and any abnormalities not indicated in the
exploration stage should be sampled and reported.
Drilling and sampling in the areas of the first cuts
for surface mines and entry and main haulage ways in
underground mines should be done by the geologist, and
necessary maps and reports made.

Included in this drilling and sampling phase
should be a program of testing for building foundations,
sanitary waste disposal, dragline erection pads, and
other surface structures. Also, drilling and sampling
of possible road-base and building materials should
be done at this time.

It may be necessary for the geologist to per-
form additional overburden testing. This is an impor-
tant stage in which to answer questions that arose
after the close of the exploration phase.

Other Information Gathering

Geologic investigations of necessary mining
facilities should be undertaken. Planning of waste
enbankments and water storage facilities to minimize
cost, environmental damage, and threat to human life
and property is the responsibility of the geologist.
This planning might include gauging_of §tream flow,
determining water shed areas, anticipating flood
frequencies, relocating streaT Fhannels, and other
pertinent hydrogeologic activities. .

Determining the expected water inflow to the
mine area can be done by the geologist.. Quantity of
water should be estimated for the ordering of pumps

removal equipment in surface operations.

and coal should be available

Finally, the geologi§t
for certain types of surveying.
individual operation, his surveying

Depending upon the
duties may be

minimal or extensive.

PRODUCTION

The geologist can make a significant contribution
to the production phase of an operation. Several impor-
tant aspects will be discussed.

Drilling and Sampling

This activity still is an important responsi-
bility of the geologist. Drilling and sampling on
closer spacing should be completed to about one year's
production reserve ahead of mining. This lead time is
to allow for planning and purchasing of additional
equipment.

Rock Mechanics

The geologist can assist in the production
function by monitoring slope stability and ground
subsidence which depends upon the type of mining
operation. Determining the safe angle of repose of
a high wall will save money and will contribute to
the safety of the operation. Accurate records and
measurements of ground movement might be required
should the mining operation ever be involved in a law
suit or similar legal action.

Monitoring of Mining Conditions

Monitoring of mining conditions to verify pre-
vious conclusions by the geologist is another role
where he will prove useful. |If an unexpected fault
is encountered, the geologist should determine its
lateral extent and amount of displacement and advise
the best position for resumption of mining. Also,
any previous mapping should be reviewed to see
whether additional corrections to the mining plan are
needed.

Land Acquisition

Land acquisition for expansion of the mining
property is an activity where the geologist can be of
great value. He can advise as to the desirability of
the property, can estimate coal reserves, and can
prepare acquisition priorities and sequencing.

SUMMARY AND CONCLUSIONS

The geologist should be familiar with coal
mining methods, operations, and economics, besides
being technically proficient. Traditionally, the
primary function of the geologist has been in
planning and executing an exploration program and
compiling results of that program. The geologist
can also play as vital a role in the development
and operation of a mining project by gathering and
analyzing data necessary for construction and
mining activities.
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GEOLOGIC ASPECTS OF ENVIRONMENTAL PLANNING

AND RECLAMATION

ALLEN G. THURMAN:

Denver, Colorado 80237

ABSTRACT:

D’Appolonia Consulting Engineers, Inc.

This paper discusses a conflict--the fact that many environmental issues and problems of mining are

influenced by geology but that the evaluations and solutions being put forward are seldom obtained from the

geologist.

An appeal is made to the geologist to play a more active role in questions of environmental planning

and reclamation--that the geologist not allow others to usurp this role by his default caused by lack of interest.

Mineral exploration has long been recognized as a geologist's role.

Along with a particular category

of engineers, the geologist has also been fundamental to the roles of site investigation, mine planning and de-

sign, and the extraction of the mineral.
“environmentally acceptable'' manner.
role in satisfying this new requirement.

Today's society says that these activities must now be done in an
Most geologists accept this.
Although he is a principal professional during exploration and much

However, the geologist seldom plays a lead

of mining, he has generally let others define the scope, plan and implement the steps, and complete the environ-
mental aspects of mining despite the fact that to a very great extent the actual problems and meaningful solutions

remain geologic in nature.

Specific recommendations are made to reverse this ''give away' trend so that the

geologist's contributions to environmental planning and reclamation can rank in similar importance to his contri-

butions to other aspects of mining.

INTRODUCT I ON

For centuries, modern man has satisfied his
material needs by the grace of a generous and for-
giving Nature--Mother Nature. Minerals, energy, food,
and water have been so abundant that they have been used
with little concern for the future, for efficiency, or
for multiple benefit. More recently, increasing demands
for material goods, decreasing natural resource availa-
bility, and a population explosion have combined to force
today's generation to view Nature froma different per-
spective.

| believe that this basic premise is no longer
debatable: that each thinking American must by now
realize that resources are limited; that conservation
must be emphasized; that multiple use must be made of
our materials; and that the needs of future generations
must be considered. However, the extent of required
change is still ill defined, and the methods for change
remain in hot debate. Guidelines are being espoused,
written and rewritten by every politician and agency,
by every technical and social discipline, by various
professional societies and industries, and by numerous
individuals and groups who just seem to feel theY mu§t
be part of the turmoil whether they have a contribution
to make or not. Lo

If this issue had not mater!allzed over §uch a
short period of time, if commu?icatlons were 1[m|Fed so
that "white papers'' were not Ylewed on TV by millions,
if we did not have the economic lyxuries ?f today,.etc.—-
| suspect we would sanely be flnd[ng meaning @1 gui é-
lines and solutions without turmoil, without confron-
tation. But such is not the case.

) logy
1976 Symposiwn On the Geo
of RocZZpMountain coal, p. 169-172
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THE MEANING OF ENVIRONMENT

Compounding these and other ifs which confront
us, is a simplistic, catchall word which has only re-
cently assumed prominence in our vocabulary, but which
is now known by all--the word is envirowment. Webster
defines environment as: ''All the physical, social
and cultural factors and conditions influencing the
existence or development of an organism....; that which
surrounds."' Few words are so all-encompassing--
there is something for everybody, and everybody's
concept can be embraced.

This gets to the heart of the point | want to
make: environment covers such breadth that anyone can
and does express an opinion, that everyone can be and is
involved. However, the word by itself lacks substance
until the 'physical, social and cultural factors'' are
defined, and until the '"influence on the existence or
development of the organism' is understood. And this
is where the present common procedures for environmental
planning and reclamation break down--industry's plans
are often being developed without accurate consideration
of important factors, and agency requirements are be-
coming increasingly demanding with little assurance
that the resulting influence will be meaningful or even
beneficial.

Because the word envirowment seldom has the
same meaning for both the speaker and the listener, it

The English-Language Institute of America, Inc., 1971,
The living Webster encyclopedic dictionary of
the English language: Chicago, p. 329.
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should always be qualified or explained with additional
words and phrases. For this reason, | am inclined to
drop environment from my vocabulary. | am like Presi-
dent Ford and the word ''detente''--a word that gets one in
trouble nearly every time it is used should be forgotten.
Unfortunately, we must now live with the National Environ-
mental Policy Act, the Environmental Protection Agency,
Environmental Impact Statements, etc. Since the word
will not go away, the best we can do is to make sure that
its use is always clarified by correctly associating and
understanding the factors of importance in each particu-
lar situation.

THE ROLE OF THE GEOLOGIST

This brings me more directly to my topic:

The geologist and his role in environmental planning
and reclamation as applied to mining.

Mineral exploration, including coal, has long
been recognized as a geologist's role. A few amateurs
may develop limited exploration capability. But gener-
ally, years of specialized education and field exper-
ience are expected qualifications--certainly the urban
sociologist or the wildlife biologist does not often
presume to have expertise in this aspect of mining.

Along with a particular category of engineers,
the geologist has also been fundamental to the roles
of site investigation, mine planning and design, and
the extraction of the mineral. Again, other professions
generally do not claim capabilities fundamental to this
aspect of mining.

But the processes of exploration and the ex-
traction of the mineral do not complete the full spec-
trum of mining as required by today's society. The
mining process is no longer considered to be complete
until the affected land has been returned to a condi-
tion suitable for other purposes. And during mining,
neighboring land must not be detrimentally affected.
Further, extraction ratios are influericed not only
by economics but by the technical limitations of maxi-
mum recovery. These concerns of mining are relatively
new and are fraught with controversy. And they offer
inroads for instant experts of all kinds, few with
capability to provide meaningful, realistic solutions.

People characteristically find fault in the
actions of others, particularly when the others are a
minority, such as mining is now a minority within U.S.
industry. Further, people seem to often profess an
ability to correct the faults of others if any of the
following situations exist:

1. Their own faults are so complex that the
faults of others seem to be an area more amenable to
correction. Example: Urban ghettos continue to de-
teriorate mostly as a result of low income, but rather
than solve problems at their back door, many sociolo-
gists take a stand against new mining because the in-
flux of miners may upset the social structure of the
associated community.

2. The fault can be corrected by changing the
actions of others rather than changing their own ac-
tions. Example: The city resident refuses to change
his air-polluting driving habits but he demands zero
dust from a rural surface mine.

3. Employment opportunities are at mismatch
with the expertise required for more natural correc-
tion of the fault. Example: Political scientists
abound and tend toward employment positions unfilled
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because of a shortage of engineers and hard scientists.
Another example: The geologist seeks his more histor-
ical role of exploration leaving the geologic aspects
of reclamation to others by default.

L. Their own discipline is not naturally mar-
ketable or recognized as important. Example: The
archaeologist or historian recognizes in mining a new
financial means to study a tipi ring or homestead.

Each of the above situations and examples sug-
gests that attempts to correct past faults of mining
will often be made by people historically outside of
mining. While faults too close to home are often not
recognized, and while fresh ideas from an outside per-
spective may often be productive, | submit that mean-
ingful, long lasting, viable corrections of the faults
of mining will come from those more familiar with all
of the circumstances and limitations which have and
will continue to influence mining. Further, corrective
action demands major input by those who, in the past
and probably in the future, are most intimately com-
mitted to the survival of the mining industry.

It seems improbable that the sociologist will
comprehend that mining is an integral part, in fact
the first part, of other industry. It seems illogical
that the biologist will correctly comprehend the phys-
ical factors influencing mining and mined land recla-
mation. It is hard to believe that the historian has
more than a cursory interest in any ongoing process.
It can be expected that the political scientist will
quickly jump to tomorrow's issue when it develops.

And where is help from the economist who doesn't com-
prehend that mining is one of the few industries which
create the economic base of the country?

| do not want to imply that these non-geologic,
non-engineering disciplines are not important. They
may, in fact, appropriately contribute to solutions,
or even lead to logical restraints to mining in some
areas. However, let us not let the tail continue to
wag the dog.

True commitment and expertise will be required
if the past faults of mining are to be corrected. To
me, this requires the geologist, and those engineers
closely associated with geology.

It should be recognized that in addition to
the fact that everyone else wants to get into the act,
the geologist is suspect. |In a general sense, the
geologist has been and will remain a part of the mining
industry--an industry which has been judged guilty of
doing wrong and of having ulterior motives. Although
this may make it difficult for the geologist to assume
lead roles in the processes of environmental planning
and reclamation, | urge, in fact | appeal for his
active involvement.

SUBJECTS INVOLVED IN AN ENVIRONMENTAL BASELINE STUDY

| hope the previous discussion has developed a
philosophical logic for the geologist's participation
in the environmental activities of the new mining eth-
ic. |If not, there is probably little | can say that
will do so. However, my experience indicates that all
too often the specific subjects of environmentally re-
lated mining activity are not properly recognized by
the geologist as being in his area of expertise.
Therefore, let me review the subject which must be
covered in a typical environmental baseline study for
a surface coal mining operation. For both convenience



GEOLOGIC ASPECTS, ENVIRONMENTAL PLANNING RECLAMATION 171

and emphasis,

| have ordered th ; .
ence has shown the subject as my experi

them to be ordered in importance:
ment of él%st?sglzgydgnq Mineral Resources. A state-
logist that he r kn Lorons >0 glementary to the_geo—
forms the basis :: ? It as tr|V|alt yet this topic
ogic for the mine and, thus, the
purpose of the Paseline study. Generally, topography
should ?e described within this category also--and topo-
graphy is usually defined by the geologic conditions.
. (2) Surface and Ground Water Hydrologyz.
Since surface hydrology is influenced by topography,
and be?ause QFOU?d water is associated with geologic
formatvons, who is better qualified to address this
issue tﬁan the geologist, recognizing that for the
hydraulics of flow, engineering may also be required?
In factf can ground water hydrology be defined without
the assistance, if not the direct responsibility, of
the geologist?

(3) Surface and Ground Water Quality. Since
water quality is influenced by the chemistry of the
soils and rock which the water is exposed to, this
subject is also directly related to the geologist.

In fact, as the baseline study advances to assessment,
the geochemist must be involved if assessment of envi-
ronmental impacts due to mining is to be even partially
understood. Granted, the biological aspects of water
quality must also be measured and evaluated; but unless
there will be direct disruption of existing streams, this
will be secondary in importance to chemistry and sedi-
ment.

(4) Soils. Although the science of soils is
basically in the agricultural discipline of agronomy,
the geologist can provide significant assistance in
the interpretation of soils distribution--particularly
if soil chemistry is such that soils at any depth should
be buried or topsoiled during reclamation.

(5) Vegetation and Land Use. An important
subject not directly related to the geologist. How-
ever, conditions of topography, hydrology, and soils
allow the geologist to have a good understanding of
the factors which influence vegetation and land use,
and, therefore, the requirements to reestablish
acceptable conditions following mining.

(6) Wildlife. A subject for the specialist.
Although topography, vegetation, and land use influ-
ence wildlife, the relationships to geologic conditions
are obscure. Thus, this is the first subject of the
baseline study totally separate from the geologic dis-
ciplines.

(7) Socioeconomics. A subject of obvious in-
terest to all who will live in the vicinity of the
mine, but not a subject for solution by the geologist.

(8) Climatology and Air Quality. A subject
also for others, but one generally having little real
interaction with mining unless the mine is associated
with a power or gasification plant.

(9) Archaeology, History anq Paleo?tology.
Although the latter subject is associated with geo]ogy,
it will be inconsequential except at the unusual site.

have listed this subject second to Geology
| hasten to emphasize that
logy will be technically
Surf and Ground Water Hydro hn
t:; :g:t complex subject. And, except for definition
of purpose it will be environmentally the most important
’

subject in most mining situations.

2
Although |
and Mineral Resources,

The first two are often similarly inconsequential but,
as previously mentioned, the specialist has already
carved his niche into this aspect of mining.

(10) Marketing, Transportation, Power, etc.
Topics which can generally be addressed in sufficient
detail by anyone prepared to take the time to do so.

As noted, the first three subjects 1 have
listed (Geology and Mineral Resources, Surface and
Ground Water Hydrology, and Surface and Ground Water
Quality) are directly related to geology; and the next
two (Soils and Vegetation and Land Use) are closely
associated with geology. However, this is just the
start of a meaningful environmental program. The end
result of the baseline study is an inventory of data,
generally useless without detailed consideration with
respect to the mining operations. And this consider-
ation must be made by people knowledgeable about and
sensitive to the procedures and economies of mining.
Again, the geologist and his closely associated friends
in engineering rise to the top of the qualifications
list.

AN APPEAL FOR ACTION

| submit that mining operations that appropri-
ately consider geology, topography, surface and ground
water hydrology, water quality and soils--as accurately
viewed from the full spectrum of geology--will have
minimum environmental impacts. Further, | submit that
reclamation, planned and implemented with accurate
consideration of these subjects, will be successful.
Other subjects, often of more common public concern
such as vegetation and wildlife, will be almost auto-
matically controlled in an environmentally acceptable
manner if the correct soil is placed in the correct
position at the correct slopes, and if surface and
ground water is redeveloped in a scientifically con-
trolled manner.

Hopefully, | have convinced you that the geolo-
gist can play an important role in the process of en-
vironmental planning and reclamation. |If so, and you
want to know more about the details, the literature is
extensive--although you will often have to add the geo-
logic thought process on your own.

More commonly, | recognize that most in this
audience will continue to pursue the more historic roles
of geology in mining. | do not blame you for this
attitude--t, and the company | represent, have a simi-
lar interest. However, | appeal to you to play an
activist role in the environmental issues of mining.

Accept the need for environmentally sound
mining procedures, but insist that the entire subject
be kept in perspective. Fight for laws and agency in-
terpretations that make environmental sense compatibly
with geology and the process of mining. And when you
are responsible for the employment of environmental
services, look past the frosting of vegetation, wild-
life and air quality to insist on capabilities compati-
ble with the real and total needs. | believe you will
find these capabilities only in firms having major
strength in the various specialties of geology.

SUMMARY

To summarize, let me come back to the title of
my paper: Geoloqic Aspects of Environmental Planning
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and Reclamation. What is the geologist's role? |
honestly do not know. It is clear that the potential
and need are great. But to gain a role, you must as-
sume one--particularly when others are also trying to
assume the role. To date, | am afraid that the pro-
fession of geology has all too often been guilty of
giving this role away--intentionally because of a lack
of interest, or by default because their effort is

still directed only to the more historic aspects of
mining.

Reclaimed surface-mined coal land, Routt County, Colorado
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ABSTRACTS

Texts of the following papers were not submitted for publication.

COAL-FORMING PROCESSES
IN THE SWAMPS AND MARSHES
OF FLORIDA AND GEORGIA

WILLIAM SPACKMAN, JR.: The Pennsylvania State University
University Park, Pennsylvania

ABSTRACT: Many of the structural features and compositional characteristics of coal seams are fixed at the time
of accumulation of the precursor sediments. Included in this category are texture, intraseam stratification and
coal quality, insofar as ash yield and sulfur contents are concerned. The mineral content and the concentrations
of major and trace elements are established to a significant degree, as are certain aspects of maceral composition.

The Okefenokee Swamp of Georgia and the Everglades-Mangrove swamp-marsh complex of southern Florida, pro-
vide a variety of environments in which one can evaluate the significance of geological, geochemical and biologi-
cal processes in determining the nature of the peat sediments. The phenomena of aqueous transgression and re-
gression account for a major portion of the stratification that characterizes the peat blanket, but there are a
number of other phenomena which also contribute to the superpositioning of different peat types. In contrast to
the common inorganic sediments, the texture of the various peat types is developed largely through the action of
biological processes. The development and concentration of such important substances as pyrite and fusinite are
favored in certain environments, and the general character of the subsequently developed coal type is determined
by the interaction of the geological-geochemical-biological processes which are operating in the particular peat-
forming environment involved. Compositional relationships between the Tertiary lignites of Alabama, Dakota and
Vermont and the Georgia and Florida peats are beginning to emerge.

MODELS OF COAL DEPOSITION

ALAN C. DONALDSON: West Virginia University
Morgantown, West Virginia

ABSTRACT: The scope of this paper includes the larger depositional system of which the swamp-peat-coal is a part
and emphasizes the value of using the present as a key to the past in the analysis of coal measure rocks. The
modern setting of most swamps is in areas of temperate to tropical climate and part of the depositional systems
of river deltas and inter-delta marine-dominant environments such as strand plain, barrier island-lagoon, and
tidal plain. . . . . .

Three basic models of deposition are useful in understanding the Appalachian coals: (1) marine-dominant
delta in an unstable tectonic area (Niger Delta - Pocohontas and New River Group), (2) fluvial-dominant delta in
an unstable tectonic area (Mississippi Delta - Kanawha Group), and (3) fluvial-dominant delta in a sFable tectoqic
area (Guadalupe Delta - Conemaugh and Monongahela Groups). The mod§|s indicate the factors controlling the posi-
tion of the coal in the anatomy of the delta in respect to tbe fraTnng sandstone f?CIeS, as well as such coal
characteristics as the areal extent, thickness, preferred or|entat!on (trend), splits, want areas, sulfur and ash
content, and stacking arrangement. These models also seem appropriate for the Rocky Mountain coals.
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GEOPHYSICAL TECHNIQUES FOR COAL EXPLORATION

WILFRED P. HASBROUCK: U.S. Geological Survey
Denver, Colorado 80225

FRANK A. HADSELL: Colorado School of Mines
Golden, Colorado 80401

ABSTRACT: By adapting and using the tools and techniques of oil, mining, engineering, and borehole geophysics,
the coal geophysicist, working as part of the exploration team, seeks solutions to coal-related problems that now
require an inordinately large number of drilled, cored, and sample-logged holes. For coals of the Western States,
two problems are of immediate concern: the establishment of bed correlations, and the mapping of burned facies.
Field studies indicate that the combined use of seismic shallow-reflection procedures and seam-wave certification
techniques appears to be the method of choice for the bed-correlation problem; magnetic methods work well on the
clinker problem. Other geophysical methods that have yielded positive results in coal exploration include (1) the
gravity method--used to delineate coaliferous basins and to locate cutouts of thick coals at shallow depth; (2)
electrical resistivity methods--used to locate subcrops of steeply dipping coal beds, and (3) borehole methods=--
used to effect bed correlations and to estimate quality of coal.

EASTERN UTAH COAL FIELDS

HELLMUT H. DOELLING: Utah Geological and Mineral Survey
Salt Lake City, Utah 84108

ABSTRACT: Most of Utah's important coal fields are in the eastern half of the state; those in east-central Utah
have been the most important to the state from the standpoint of production. Large reserves are still to be found
here, the quality is excellent, environmental problems are less than those experienced in southwestern Utah, and
future development and projects are to be expected. A review of the Mount Pleasant, Wasatch Plateau, Book Cliffs,
Sego, Henry Mountains, and Emery fields will point out some problems inherent to Utah coal.

COAL AS A MAJOR SOURCE OF DRY NATURAL GAS,
WITH EXAMPLES FROM TWO ROCKY MOUNTAIN BASINS
(SAN JUAN AND RATON)

FRED F. MEISSNER: Filon Exploration Corporation
Denver, Colorado 80202

ABSTRACT: Modern geochemical theory indicates that oil and most hydrocarbon gases are generated by the thermal
alteration (metamorphism) of primary organic material buried in sediments. Observed field relationships and
thermodynamic principles show that the process is both a) temperature- and b) time-dependent, and is related to
the instability and breakage of molecular bonds in complex solid organic material accompanied by the release of
more simple fluid hydrocarbons. The onset of measurable hydrocarbon generation (source-rock '"maturity') occurs
suddenly at some ''critical temperature,' which may conveniently be related to burial depth through the earth's
geothermal gradient. Relative stages of thermal metamorphism related to ""maturity'' may be determined by examining
certain properties of organic material, such as color, electron-spin resonance, extractable hydrocarbons, etc.
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Because coals form a continuous metamorphic series grading from peat to graphite, the "coalification' process ap-
plicable to 'voody' organic material offers a convenient means of determining and standardizing incremental char-
ges in thermal alteration. Coalification ranks may be conveniently related to depth through the recently proposed
"level-of-organic-metamorphism'' (LOM) scale. The onset of thermal hydrocarbon generation (maturity) appears to
occur at a level-of-organic-metamorphism corresponding to a high-volatile B bituminous coal with a volatile matter
content of about 41 percent.

The concept of dry natural gas originating from bedded high-rank coals or disseminated coaly matter has
not been widely used as an explanation or prospecting concept for the delineation of major gas producing areas.
The observed association of major gas accumulations with coal-measures containing high-rank coals provides a sub-
stantial body of empirical evidence relating coal metamorphism to gas generation. The occurrence of methane in
certain coal-mining areas serves as further evidence for gas generation from coal. Data suggest the generation of
over 6,000 cubic feet of gas for each ton of coal metamorphosed to the anthracite rank.

Coal-bearing strata are found in sediments characterized by sea-coast lagoonal and deltaic flood-plain
deposits of uppermost Cretaceous-lowermost Tertiary age in most of the Rocky Mountain structural basins. Basins
where these coals achieve high rank in the subsurface are further associated with the presence of large volumes of
natural gas in adjacent sandstone reservoirs deposited in transitional shoreline-bar or stream-channel environ-
ments. Examples of coal distribution, metamorphism, and associated methane gas accumulation have been investi-
gated in two basins. The San Juan Basin is a rather maturely explored area and contains the second largest gas
field complex in the United States. The Raton Basin is non-productive at the present time, but should have tre-
mendous exploration potential based on theory and similarity with proven areas. Semi-quantitative estimates,
based on coal extent, thickness, and rank, suggest the Vermejo and Raton Formation coals in the Raton Basin should
have reasonably generated 14 trillion cubic feet of gas.
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RESOURCE SERIES 1--isilogy of Hocky Mountain cuml, a Swwpnsive, 1976, edited by D. Keith Murray, 1977.

INFORMATION SERIES Ik-ggﬁl mines and coal fields of Colorado, by D. C. Jones, 1976, 1 map (scale
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102 p., $3.00.

SPECIAL PUBLICATION 2--Geothermal resources of Colorado, by R. H. Pearl, 1972, 54 p., $1.00.

INFORM'TIOY 3ERIES i--piafp showing thermal szziops, wells and heat-flow contours in Colorado, by
J. K. Barrett and R. H. Pearl, 1976 (scale 1:1,000,000), $1.50.

INFORMATION SERIES E—-3ydrclopical data of thermal nprlogs and wells in Colorado, by J. K. Barrett
and R. H. Pearl, 1976, 124 p., $1.50.

GENERAL

GEOLOGIC MAP OF COLORADO--U.S. Geological Survey, 1935 (1 sheet, multi-colored, scale 1:500,000; reprinted
by Colorado Geological Survey, 1975), $5.00 (%6.50 rolled and mailed).

MAP MF J48- Fygl:minury weulaz?c man of Colorado, compiled by Ogden Tweto, U.S. Geological Survey, 1976

(2 sheets, black and white, scale 1:500,000), $1.50.

MAP T-LDQ¥%--Znergy resources map of Ffau.ztads. Compiled by U.S. Geological Survey and Colorado Geological
Survey, 1977, U.S.G.S., (1 sheet, multi-color, scale 1:500,000), $2.00.

MAP SERIES i--Leclogis, euwtgy and mineral resources mipe of Routt EC.mlx, Colorado, by A. E. Miller,

1975 (2 maps, scale 1:126,750), $5.00.

MAP SERIES I -ketlugy of Moffat Louary, by A. E. Miller, 1977 (scale 1:126,720) (in press).

MAP SERIES L--EnsCgy resource duwala-ment nap of Colorado, compiled by D. K. Murray, 1976 (1 sheet, two-
color, scale 1:500,000) (out-of-print; to be revised and reissued in 1977).

BULLETIN 1#- BIl:lingi4jhy and index of Colorado pealagy 1875-1975, compiled by American Geological
Institute, 1976, $7.50 soft cover, $10.00 hard cover. Mail orders add $1.00 for each copy, postage
and handling.

COLORADO STRATIGRAPHIC CORRELATION CHART--by R. H. Pearl and D. K. Murray, 1974, $0.25.

To order publications, specify series and number, title, and quantity desired. Prepayment is requested. Make
checks payable to:

Colorado Geological Survey
Room 715, 1313 Sherman Street
Denver, CO 80203

(Telephone: 303/892-2611)





