
THE ALTERATION OF SEDIMENTARY ROCKS DUE TO 

BURNING COAL IN THE POWDER RIVER BASIN, 

CAMPBELL COUNTY, WYOMING 

by 

LARRY PAUL BAUER, B.S. 

A THESIS 

IN 

GEOLOGY 

Submitted to the Graduate Faculty 
of Texas Tech University in 
Partial Fulfillment of 
the Requirements for 

the Degree of 

MASTER OF SCIENCE 

Approved 

Direc ̂
 

Accepted 

pekn of pie Grac^i 

^ ^ l a y , 1972 

t e School 



f^^'t ' M ^ ^ 

IQ 0 2̂  

Cop, 2 



ACKNO^VLEDGMENTS 

The writer acknowledges the guidance and assistance 

given by Dr. Alonzo D. Jacka. This study could not have 

been completed without the aid of his interest and 

direction. 

Appreciation is also extended to the Synthetic Crude 

and Minerals Division of the Atlantic-Richfield Com.pany 

for their financial assistance in the preparation of 

samples for petrographic analysis. 

The writer is indebted to Dr. Rae L. Harris, Jr. for 

his criticisms and helpful suggestions. 

Finally, I am most indebted to my father, Howard P. 

Bauer, for his continuing interest and financial support 

of my education. 

11 



TABLE OF CONTENTS 

Page 

ACKNOWLEDGMENTS ii 

LIST OF TABLES v 

LIST OF ILLUSTRATIONS vi 

I. INTRODUCTION 1 

Statement of the Problem 1 

Purpose and Scope 3 

Location 3 

Geologic Setting 4 

Summary of Stratigraphy 7 

Paleocene Fort Union Formation 7 

Eocene Wasatch Formation . . . . 10 

II. PREVIOUS WORK 13 

III. METHODS OF STUDY 15 

Field Phase 15 

Laboratory Phase 15 

Grain Size Analysis 15 

Petrographic Analysis 16 

IV. THE COAL 17 

Physical Properties 1*7 

Chemical Properties 17 

. • • 

111 



V. STRATIGRAPHIC RELATIONSHIPS OF THE 

UNALTERED ROCKS 21 

VI. FIELD RELATIONSHIPS OF THE ALTERED ROCKS . 30 

Bedded Baked Sandstones, Siltstones 

and Shales 34 

Fused Shale 38 

Conglomeratic Siltstone 40 

Pseudo-Igneous Rocks 40 

Ironstone Nodules 44 

VII. PETROGRAPHIC DESCRIPTION OF THE ALTERED 
ROCKS 46 

Bedded Baked Sandstones, Siltstones 

and Shales 4 6 

Fused Shale 49 

Conglomeratic Siltstone 51 

Pseudo-Igneous Rocks 51 

VIII. TEMPERATURES ATTAINED DURING ALTERATION . . 57 

IX. SUMMARY AND CONCLUSIONS 61 

LIST OF Rl--^yRENCES 6 3 

IV 



LIST OF TABLES 

Table Page 

1. Coal Sample Analyses 18 



LIST OF ILLUSTRATIONS 

Figure Page 

1. Location map of the thesis area 2 

2. Tectonic map of the Powder River Basin . . . . 5 

3. Structure contour map of the Powder River 
Basin 6 

4. Stratigraphic diagram of the Fort Union 

Formation, Powder River Basin 8 

5. Photograph of the north pit at the Wyodak Mine 11 

6. Photograph of the south pit at the Wyodak Mine 11 

7. Photograph of a linear calcareous sandstone 
concretion 22 

8. Photograph showing eolian cross-bedding in 
unconsolidated sand 22 

9. Photograph shov/ing a massive appearing channel 
sandstone 23 

10. Photograph showing small calcareous concretions 
forming in uncemented sandstone 2 3 

11. Photograph showing a calcareous concretion 
nucleating around a tree trunk 24 

12. Photograph of a calcareous concretion showing 
disrupted bedding 24 

13. Line drawing of cumulative curves of Wasatch 
Formation channel sandstones 26 

14. Line drawing of a histogram indicating size 
distribution of Wasatch Formation channel 
sandstone 27 

15. Photograph of a layer of ferruginous nodules . 29 

VI 



16. Photograph of a ferruginous nodule showing 

septarian surface texture 29 

17. Photograph of the Rochelle Hills 31 

18. Photograph of a large slump block 33 

19. Photograph of a fault which developed 

slickensides 33 

20. Photograph of the quarry face at Minturn . . . 35 

21. Photograph of sandstone concretions within 
a section of baked siltstones 35 

22. Photograph showing increased delineation of 
cross-bedding due to oxidation of ferro-
magnesian minerals 3$ 

23. Photograph of unaltered rock in middle of baked 
area 37 

24. Photograph of fused shale section 39 

25. Photograph showing the contact between fused 
shale and pseudo-igneous rock 39 

26. Photograph of an outcrop of conglomeratic 
siltstone 41 

27. Photograph of a chimney of pseudo-igneous rock 
at Minturn 41 

28. Photograph showing outcrop of pseudo-igneous 

rock that resembles a lavc flow 43 

29. Photograph showing geopetal structures . . . . 43 

30. Photograph of a flow of pseudo-igneous rock 
that resembles a volcanic pumice 45 

31. Photograph illustrating radial structure that 
develops in baked ferruginous nodules . . . . 45 

32. Photomicrograph of baked clayey siltstone 
showing overgrowth rims on quartz grains . . 4 8 

33. Photomicrograph of baked clayey siltstones 
showing elongate microcrystalline masses 
of hematite 4 8 

Vll 



34. Photomicrograph of baked calcareous sandstone 
showing micritic calcite rims around sand 
grains 50 

35. Photomicrograph of recrystallized zone in 

fused shale 50 

36. Photomicrograph of conglomeratic siltstone . . 52 

37. Photomicrograph of twinned tridymite crystal 
form 52 

38. Photomicrograph of polysynthetic twinning of 
cordierite v/ith development of parallel 
lamallae 54 

39. Photomicrograph of polysynthetic twinning of 
cordierite with development of interpene
trating lamallae 54 

40. Photomicrograph of pigeonite and bytownite . . 56 

41. Photomicrograph of bytownite microlites in 
black glass surrounding a block of fused 
shale 56 

42. Line drawing of pressure-temperature conditions 
obtaining when cordierite crystallized in 
fused arkoses 59 

43. Line drav/ing of pressure-temperature diagram 
comparing melting points of five shales 
w.'.th melting curves of granite and thoeliite 
basalt 59 

Vlll 



CHAPTER I 

INTRODUCTION 

Statement of the Problem 

The Powder River Basin of northeastern Wyoming and 

southeastern Montana (Figure 1) contains extensive 

ligrttic and sub-bituminous coal deposits of Tertiary 

age. Coal occurs in Paleocene Fort Union and Eocene 

Wasatch Formations. Where coal has burned after ignition 

by spontaneous combustion or lightning, overlying beds of 

sandstone, shale, and clay have been altered into a brick

like rock called porcelanite, clinker, or scoria. In some 

locations heating was intense enough to cause partial 

melting of overlying rocks, and flow features are observed. 

Dobbin and Barnett (1927, p. 12) reported that more than 

75,000 acres of land were covered by clinker in the 

Gillette coal field in northern Campbell County, Wyoming. 

Coal fires continue to augment the area of baked rock. 

The effected zone extends tens of feet above the thickest 

coal bed, the D bed, and shorter distances above a thinner 

major coal bed, the Felix bed. 

Although altered beds have been treated generally in 

every U. S.G.^-Bulletin describing coal resources of the 
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Figure 1.—Relief map of^the Powder River Basin, 
showing the general area of this report. (After Knight, 
1958) 
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Powder River Basin and detailed examinations have been 

conducted of equivalent rocks in Montana (Rogers, 1918, 

pp. 1-10), and Wyoming (Bastin, 1905, pp. 408-412), and of 

similar rocks in Texas (Lonsdale and Crawford, 1928, pp. 

147-158); detailed mineralogy and petrography of baked 

rocks along the eastern margin of the Powder River Basin 

have not been described. 

Purpose and Scope 

The purpose of this investigation is to determine 

mineralogical and textural changes that have occurred 

within rocks that have been altered by burning of sub

jacent coal beds. The study was confined to Fort Union 

and Wasatch Formation outcrops in the vicinity of 

Gillette, Wyoming. 

Location 

The da.ea studied includes the eastern margin of the 

Powder River Easin, Wyoming. All outcrops studied are 

located within Campbell County, Wyoming. Outcrops of 

the D coal bed baked zone were examined 8 miles east of 

Gillette at Minturn, 13 miles north of Gillette, and 

approximately 40 miles south of Gillette. Outcrops of 

the B coal bed baked zone were examined 5 miles northwest 

of Gillette. 



Geologic Setting 

The Powder River Basin is a deep, asymmetric, 

slightly deformed, elongate, inter-montaine basin 

approximately 230 miles long and 100 miles wide (Strickland, 

1958, p. 132) (Figure 2). The Powder River Basin is 

structurally bounded on the east by the Black Hills, on 

the west by the Bighorn Mountains, and is terminated on 

the ?50uth by the northern Laramie Range and the Hartville 

Uplift. The deepest portion of the Powder River Basin lies 

along its western margin where sedimentary rocks dip 

steeply to the east from the Bighorn Mountains (Figure 3). 

In the east strata are relatively undisturbed and dip 

gently westward from the Black Hills Uplift. 

Development of the Powder River Basin began either 

very late in the Cretaceous or early in the Tertiary 

(Darton, 1909, p. 76). The basin was filled with a thick 

blanket of terrestrial elastics eroded from surrounding 

highlands. At the close of Paleocene Time, uplift of the 

southern portion of the thesis area was associated with 

a resulting change from deposition to non-deposition or 

erosion (Olive, 1957, p. 14); consequently, an angular 

unconformity was developed on top of the Fort Union 

Formation. During Eocene Time, shale, sandstone, and coal 

were accumulating in the western part of the Powder River 

Basin. As the basin filled, these sediments prograded 

eastward, covering the thesis area. 
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Formation. (After Strickland, 1-58) 



Summary of Stratigraphy 

Tertiary rocks exposed in the Powder River Basin 

record accumulations during Paleocene, Eocene and Oligo-

cene Epochs. Stratigraphy of the Paleocene and Eocene 

sequences is summarized in this section (Figure 4). 

Paleocene Fort Union Formation 

The following description of the Fort Union Formation 

is taken from Robinson, et. al. (1964, pp. 99-104). The 

Fort Union Formation in the Powder River Basin is mainly 

normarine and includes sandstones, shales, clays, lime

stones, and coals. Thickness of the formation ranges from 

1500 to 2100 feet. The Fort Union Formation may be 

divided into three members in the northern part of the 

Powder River Basin: (1) the Tullock Member, (2) the 

Lebo Shale Member, and (3) the Tongue River Meir.ber. 

The Tullock Member 

The basal unit of the Fort Union Formation is the 

Tullock Member. The Tullock Member is approximately 1000 

feet thick east of Gillette and consists of fine-grained 

sandstone, gray sandy or silty shale, and numerous beds of 

brown carbonaceous shale and coal. Differential weather

ing gives the rocks a banded appearance when viewed from 

a distance. The coal beds are lenticular and are usually 

less chan 2 feet thick. The Tullock Member rests conform

ably on the Lance Formation of Late Cretaceous Age and is 
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distinguished from the Lance by lighter colors, more even 

bedding, and coal beds. The contact between the Lance 

Formation and the Tullock Member of the Fort Union Formation 

is mapped at the first coal bed above the highest bed in 

which dinosaur bones are found (Brov/n, 1958, p. 112). 

The Lebo Shale Member 

The Lebo Shale Member conformably overlies the 

Tullock Member. The Lebo Shale Member is 200 to 250 feet 

thick and consists of light to dark-gray claystone and 

shale with lesser amounts of light-gray, fine-grained 

sandstone and beds of brown carbonaceous shale. Abundant 

calcareous concretions are also present. The contact 

between the Tullock and Lebo Shale Members is marked by an 

abrupt change from light-yellowish-gray sandstone and gray 

shale at the top of the Tullock Member to dark-gray clay-

stone and gray sandstone containing abundant red-weathering 

concretions at the base of the Lebo Shale Member. 

The Tongue River Member 

The upper most member of the Fort Union Formation is 

the Tongue River Member. North of the thesis area the 

Tongue River Member is mapped as a separate unit. It 

consists of approximately 800 feet of interbedded light-

gray fine-grained sandstone, gray siltstone, gray sandy 

shale and coal. The Tongue River Member is differentiated 

from the Lebo Shale Member by light-gray and yellowish-gray 
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colors in contrast to darker colors exhibited by the Lebo 

Shale Member. Middle and upper intervals of the Tongue 

River Member contain coal beds which locally exhibit thick

nesses of 5 to 10 feet. 

The top of coal bed D (Dobbin and Barnett, 1927, p. 10) 

marks the top of the Tongue River Member in the thesis area. 

The D coal bed is the major coal resource in the eastern 

Powder River Basin. Coal bed D attains a maximum thickness 

of approximately 100 feet and displays an average thickness 

of 70 feet. 

The coal operation at the Wyodak Mine, located 7 miles 

east of Gillette, is mining 70 feet of coal from the D 

bed (E. G. Ross, personal communication). The coal bed 

has a single clay parting which ranges from 6 to 12 inches 

in thickness within the pit. Wliere the clay parting is only 

6 inches thick, coal is mined in a single bench (Figure 5), 

because clav adds only 1% to the total ash content of the 

coal. When the clay parting increases in thickness to 12 

inches, coal is mined in two benches, each approximately 

35 feet thick (Figure 6). 

Eocene Wasatch Formation 

The contact between the Paleocene Fort Union Forma

tion and the Eocene Wasatch Formation in the vicinity of 

Gillette is the top of the D coal bed (Dobbin and Barnett, 

1927, p. 11) and is of erosional origin. North and west 

of Gillette are 350 feet of sediment between the top of a 
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Figure 5.--North Pit at the Wyodak Mine. Seventy 
feet of coal is being mined in a single bench. Note the 
man standing beside the shovel for scale. 

Figure 6.—South Pit at the Wyodak Mine. Seventy 
feet of coal being mined in two 35-foot benches. 
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coal bed which is correlated with the D bed and the mapped 

upper surface of the Tongue River Member (Olive, 1957, p. 

13) . 

The Wasatch increases from 450 to 1000 feet in thick

ness as the outcrop is traced from north to south in the 

thesis area. The Wasatch contains light to dark-gray 

clays, gray fine-grained sandstones that weather yellowish-

brown upon exposure, and numerous beds of ferruginous 

nodules. 

Coal resources in the V7asatch Formation include coal 

beds A, B, and C of Dobbin and Barnett (1927, p. 15). 

Interval C lies 200 to 400 feet above the D bed and 

consists of a zone of coal lenses which attain maximum 

thicknesses of 11 feet. Coal lenses contain shale partings 

and have a tendency to pinchout and grade into shales 

within short distances. Coal bed L̂  occupies a position 

150 to 300 feet above bed C and is correlated with the 

Felix bed of the Gillette area. Bed B displays a thickness 

of 20 to 30 feet. Bed A lies 50 feet above bed B and 

ranges in thickness from 4 to 8 feet. 



CHAPTER II 

PREVIOUS WORK 

Baked and fused rocks within the Powder River Basin 

were first reported by the Lewis and Clark expedition of 

1804-1806 (Allen, 1814, pp. 391-393). Lewis and Clark 

observed that: 

Here we find for the first time the 
appearance of coal burnt hills and pumice 
stone, which seem always to accompany each 
other, 

A later reconnaisance geological survey was conducted 

by Hayden (1896) while he was a member of Captain Raylands 

expedition to explore the Yellowstone River for the V7ar 

Department in 1859 and 18^0-

Bastin (1905) described major types of baked rock 

which occyr in the Powder River Basin between Gillette and 

Sheridan. yineralogic analysis of samples v;as undertaken 

by optical methods. In one sample, Bastin (1905, p. 411) 

described the occurrence of cordierite, pyroxene, and 

oligoclase. Darton (1905) described the general geology 

and underground water resources of the region. 

Geology of coal resources within the thesis area was 

reported in four U.S.G.S. Bulletins that were published 

between 1910 and 1957. Stone and Lupton (1910) reported 

13 



14 

on the Powder River coal field. Davis (1912) investigated 

the Little Powder River coal field. Dobbin and Barnett 

(1927) outlined coal resources in the Gillette coal field. 

Olive (1957) studied geology of the Spotted Horse coal 

field. All of the bulletins treated baked and fused rocks 

in a cursory manner. 

Rogers (1918) reported on characteristics of baked 

rocks which occur in southern Montana. Rogers made a 

petrologic study and noted the presence of metamorphic 

minerals such as sillimanite in the samples. 

Lonsdale and Crawford (1928) studied the occurrence 

of baked shales along outcrops of the Wilcox Formation of 

Eocene Age in southern Texas. As in the Powder River 

Ea^in, burning of coal beds characterized the Wilcox. 

Aereal extent of baked rocks is not as great in Texas as in 

Wyoming. Mineralogy of altered rocks in the Wilcox is 

similar to that discussed by Rogers (1918). 



CHAPTER III 

METHODS OF STUDY 

Field Phase 

Stratigraphic relationships v/ithin the Wasatch 

Formation and of unaltered Wasatch sediments to baked and 

fused rocks resulting from burning coal were interpreted 

in the field. Sections were measured and described at 

selected locations in the field and samples for textural 

and petrographic analyses were collected. Bore hole 

samples were collected and logged during coal coring 

operations. 

Stratigraphic relationships between altered and 

unaltered sedim.ent were illustrated by photographs. 

Sample collection and section measuring were 

integrated to detect vertical and lateral variations in 

alteration of sedimentary rocks. 

Laboratory Phase 

Grain Size Analysis 

Each sample for grain size analysis was reduced to 

smaller particles in a mortar and pestle. Samples were 

then sieved in a Ro-Tap machine for 15 minutes. Sieves 

of 18, 35, 60, 120, 200, and 270 mesh were used to 

analyze samples. 

15 
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Petrographic Analysis 

Forty-three samples, representative of groups of rock 

types, were selected for petrographic analysis. Thin 

sections were ground to a thickness of 300 microns and 

were examined with a polarizing microscope. Mineralogy 

and textures were illustrated with photomicrographs. 



CHAPTER IV 

THE COAL• 

Physical' Properties 

Coal in the eastern Powder River Basin ranges in rank 

from lignite to sub-bituminous. Sub-bituminous coal is 

the most common type and matches the Bureau of Mines field 

description of medium-bright and blocky vjhen it is fresh. 

Sub-bituminous coal exhibits a platey character in some 

places and is shaley and soft in other localities. 

Thicker coal beds, such as the D bed of Dobbin and Barnett 

(1927), produce harder coal. Coal oxidizes rapidly at the 

outcrop. If a sample is allowed to dry, it will slake to 

fine black dust and irregularly shaped granules. Finely 

crystalline pyrite commonly lines vertical fractures in 

coal and large pyrite nodules are sporadically encountered 

in coring operations. Resin is rarely seen, but fills 

fractures when present. 

Chemical Properties 

An average of analyzed compositions of 36 coal samples 

from the Buffalo and Powder River coal fields (Davis, 1912, 

p. 428) is shown in the following table. 

17 
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TABLE 1 

COAL SAMPLE ANALYSES 

Constituents Percentage 

Moisture 13.8 
Volatile matter 37.5 
Fixed carbon 40.7 
Ash ; 6!6 
Sulphur 1.4 

It is noteworthy that coal of the eastern Powder River 

Basin contains small amounts of both sulphur and ash. These 

properties make the coal an excellent source of low pollu

tion level fuel for electric power generating plants. 

Rogers (1918, p. 1-4) discussed in detail the process 

by which spontaneous combustion occurred in coals. Because 

this data is of importance to the subject of this thesis, 

it is paraphrased in the following paragraphs. 

Although lightning, prairie fires, and human error 

have been listed as possible origins of coal ignition, 

burning of seme 200,000 square miles of coal and the 

apparent antiquity of some events led Rogers (1918) to 

the conclusion that spontaneous combustion was the cause 

of most of the burning. The economic importance of the 

phenomenon, because of coal mine and stockpile fires, led 

to studies of the process by which coal catches fire (Parr 

and Barker, 1909; White, 1909; Parr and Kressman, 1911). 

It was recognized from these studies that only coals that 
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have a high proportion of volatile matter are subject to 

spontaneous combustion and that fine particle size and 

addition of a source of outside heat are important consider

ations in igniting coal. 

Coal in the western United States is lignitic or sub-

bituminous and these coals lose moisture at the outcrop 

and crumble. As it crumbles, coal absorbs oxygen, perhaps 

as much as two or three times its volume. The process of 

absorption generates heat which causes coal to absorb 

oxygen even more rapidly and slow oxidation of resins or 

unsaturated hydrocarbons with the formation of humic or 

other acids begins-. As the temperature reaches 120-140° C, 

absorbed oxygen combines with hydrocarbons and converts 

them to carbon dioxide and water. When this critical 

temperature (120-140° C) is exceeded, oxidation is rapid 

and temiperature increases accordingly. At 200° C ignition 

occurs. The presence of oxidizing pyrite increases yhe 

heating rate. 

The ignition is most likely to occur along the bank of 

a rapidly eroding stream. A vertical face of coal is form

ed and a pile of oxidizing coal particles is formed by 

the crumbling process. Oxidation would be rapid and the 

coal could be warmed by the sun's heat to as much as 55° C. 

Thick beds burn more commonly than thin ones because 

layers of coal large enough to retain self-generated 
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heat can accumulate. Pure coals are more commonly burned 

than impure ones. 



CHAPTER V 

STRATIGRAPHIC RELATIONSHIPS OF 
THE UNALTERED ROCKS 

Altered rocks observed during the investigation were 

all derived from the Wasatch Formation of Eocene age. 

These rocks represent accumulations in stream channel, over-

bank, lacustrine, and eolian environments of deposition. 

The purpose of this section is to describe the character 

of unaltered rocks. 

The sandstones are arkosic and contain abundant 

feldspar, ferromagneian minerals, and mica grains. They 

are, for the most part, unconsolidated but are locally 

cemented into linear concretionary zones (Figure 7). 

Sedimentary structures, such as cross-bedding, are 

generally not readily seen in unaltered sediment except in 

a few locations (Figure 8). In most exposures sandstones 

appear to be miassive (Figure 9). 

Concretionary lenses are the result of dense cementa

tion by calcite. Cementation seems to originate in small, 

discrete, concretions (Figure 10) that grow to encompass 

larger areas. Other concretionary zones apparently have 

nucleated around tree stumps (Figure 11). Bedding is often 

disrupted within concretions (Figure 12). 

21 
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Figure 7.—Linear calcareous sandstone concretion 
Note hat for scale. 

Figure 8.—Eolian cross-bedding in unconsolidated sand. 
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Figure 9.--Massive appearing channel sandstone 

Figure 10.—Small calcareous concretions forr.ing 
in uncemented sandstone. 
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Figure 11.—Calcareous concretion nucleating 
around a tree trunk. 

'il 

Figure 12.--Calcareous concretion showing dis
rupted bedding. 
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Uncemented sands and cemented sands are petrograph-

ically similar. Thin sections of a cemented and an un

cemented sample of the same sand bed were compared. The 

uncemented sand is a medium-grained arkose which contains 

an appreciable percentage of clay galls and clay matrix 

that surrounds silt grains. Sand size grains in the 

cemented sample are of the same size and composition as 

those in the uncemented sample but spaces occupied by clay 

galls and disseminated clay matrix in the uncemented sand 

are filled with blocky calcite cement in the cemented 

sand. 

Textural studies of sandstones reveal that the median 

grain size for three Wasatch Formation channel sainple 

analyses is .250 mm. The Trask sorting coefficient 

averaged .707 which is indicative of a well sorted sediment 

(Pettijohn, 1957, p. 37). Cumular.iye curves and a histo

gram representing grain size analj?c;s are illustrated in 

Figures 13 and 14. 

Siltstones, shales, and clays are more common than 

sandstones in the Wasatch Formation, but good exposures 

are sparse because of weathering of the sediments. 

Argillaceous rocks are gray except where oxidized to a 

yellowish-brown color or where carbonaceous material has 

changed the color to brown or dark brown. 
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Layers of ferruginous nodules are scattered through

out the Wasatch section in the Powder River Basin (Figure 

15), usually occur within silty zones, and range in color 

from dark-red to dark-brown. Nodules are sub-spherical 

in shape and exhibit a septarian surface texture resulting 

from partial flaking of concentric layers (Figure 16). 

Iron oxide contained within the nodules is hematite. 
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Figure 15.--Ferruginous nodules occurring in a 
siltstone. Note the layered characteristic. 

Figure 16. 
surface texture. 

•f,. 

•Ferruginous nodule showing septarian 



CHAPTER VI 

FIELD RELATIONSHIPS OF THE ALTERED ROCKS 

The salient effect of burning coal beds on overlying 

sediments in the Powder River Basin is a general reddening 

and hardening of sediments. In the past, ignition of coal 

initiated along coal outcrops at the eastern edge of the 

basin and has slowly progressed in a down-dip direction to 

the west. Because baked rock is more resistant to erosion 

than unaltered sediments, it acts as a caprock and forms a 

line of bluffs v/hich parallels the strike of coal beds. In 

the thesis area there are three bands of bluffs, each of 

which represents the burning of a major coal bed within 

the region. The most extensive band of bluffs results 

from burning of the thick D coal bed. These bluffs are 

locally known as the Rochelle Hills (Figure 17) and 

generally mark the contact between the Fort Union and 

Wasatch Formations. 

Baked rocks or "clinker beds" have been commercially 

utilized as railroad ballast or road metal. A large 

quarry was opened near Minturn in 1890 when railroad 

construction in the area began (Dobbin and Barnett, 1927, 

p. 12) and smaller quarries are scattered throughout the 

county. Baked material is crushed and used to surface 

30 
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ranch and oil field roads. 

Consumption of coal beds removes a portion of the 

sedimentary section. Because ash content is so low in 

these coals, the amount of section removed is approximate

ly equal to the original thickness of a coal bed. Usually 

only a thin gray area is left to mark the former position 

of a coal. Common consequences of removal of as much as 

70 feet of section are large scale slumping, faulting, 

and brecciation in overlying baked rock. Near the quarry 

at Minturn, a large slump was observed which reverses the 

regional dip (Figure 18). There the beds dip at 35° to 

the east v/hereas the regional dip is 1-1 1/2° to the west. 

One of the faults in the baked section is accompanied by 

development of slickensides (Figure 19). Brecciation is 

common and produces a distinct rock type which is welded 

together in many localities by onco raolten material. 

Altered rock can be divided inio four distinct groups 

which can be differentiated on the basis of surface and 

petrographic textures. Differing textures appear to be 

the result of changes in intensity of heating and in 

composition of the pre-baked sediment. These four groups 

are: (1) bedded baked sandstone, siltstone, and shale, 

(2) fused shale, (3) rock which clearly passed through a 

molten state, and (4) conglomeratic siltstones. 
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v>'.v("^' 

Figure 18.—Large slump block caused by the burn
ing of seventy feet of coal. 

Figure 19.--
underlying coal bed. 

•Fault resulting from the burning of an 
The fault surface is slicken-sided. 
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Bedded Baked Sandstones, Siltstones, and Shales 

Bedded baked sandstones, siltstones, and shales are 

most extensively exposed at the Minturn quarry, and other 

good exposures are located in smaller quarries of the 

county. Bedded material has been heated as a result of 

direct contact with burning coal or by conduction of heat 

through the sedimentary section. Zones of alteration can 

extend many feet above the position of the coal bed. A 

section was measured at Minturn that totaled 49' 4", but 

the bottom of the baked section could not be seen (Figure 

20). Although baked rocks retain their bedding character

istics, they are usually severely fractured, exhibiting 

conchoidal fracture in siltstones and splintery fracturing 

in shales. Baked rocks are light in weight and are so 

well indurated that they emit a brick-like sound when 

struck. Sandstone concretions show the least effect of 

heat; they usually stand out as white or yellowish-white 

bodies in the mass of reddish baked material (Figure 21). 

Cross-bedding in the baked sandstones is usually enhanced 

by oxidation of ferrogmagnesian minerals concentrated 

along the fore-set beds (Figure 22). 

Coal under one area in the vicinity of the Minturn 

quarry appears to be unburned. Evidence for this is the 

presence of an exposure of white, unbaked sediment in an 

area of baked sands and shales (Figure 23). In an attempt 

to gain data about progressive stages of the alteration 
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Figure 20.—Quarry face at Minturn 
approximately seventy feet high. 

The cliff is 

hfcr*ri! 

I 

Figure 21.--Sandstone concretions within a section 
of baked siltstones. 
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process, samples were collected from a traverse across 

the zone separating baked and unbaked rock. All samples 

were from a siltstone bed that could be traced across the 

zone. Locations of samples are marked on Figure 23. The 

succession from unbaked to baked rock is marked by gradual 

increase in red coloration of the rock as the burned zone 

was approached. A detailed description of petrographic 

changes will be given in a later section. 

Fused Shale 

One type of baked rock that closely matches a 

description of porcelanite also retains its bedding 

characteristics and exhibits conchoidal fracture. Unlike 

other rock types in a baked section, however, porcelanite-

like rock is very dense, has a hardness of approximately 

6, and ranges in color from white, to gray, to mottled 

green, to orange. This hard, dense rock is called fused 

shale by Lonsdale and Crawford (1927, p. 155). The best 

exposure of fused shale is located in section 23, T 43 N, 

R 70 W, but patches of it can be seen in almost any thick 

section of baked rock (Figure 24). 

The section located in section 23, T 43 N, R 20 W, 

shows 5' 4" of variously colored fused shale that is 

covered by a 15 foot thick blanket of breccia composed of 

fractured fused shale cemented by a matrix of glassy and 

crystalline material. The contact between bedded fused 

material and breccia is sharp (Figure 25). Rogers (1917, 

IMS 
Mil 
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Figure 24.--Fused shale section with scoracious 
pseudo-igneous rock at the top. 

Figure 25.—Contact between fused shale and 
pseudo-igneous rock. 

.1 

1: 
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p. 5) stated that this abrupt change in lithology might 

result from hot combustible gases rising in fractures and 

bursting into flame upon coming into contact with the air. 

Resulting temperatures would be high enough to cause 

partial melting of the rock. 

Conglomeratic Siltstone 

Conglomeratic siltstone is composed of elongate, 

rounded pebbles of baked siltstone in a matrix of baked 

clay. Pebbles range in diameter from 2X3 mm to 5X15 mm. 

Conglomeratic siltstone exposures occupy a position above 

bedded baked siltstones and shales. A gradational contact 

and overlapping relationship between bedded material and 

conglomeratic siltstone suggests that conglomeratic silt

stone was derived from bedded material and represents a 

baked soil zone (Figure 26). 

Pseudo-Igneous Rocks 

Rocks that have passed through a molten state as a. 

result of heating by burning coal are striking in 

resemblance to extrusive igneous rocks. For this reason, 

these rocks were named pseudo-igneous rocks by Lonsdale 

and Crawford (1927, p. 147) and were called paralavas by 

Venkatesh (1952, p. 831). Altered rocks exhibit glassy, 

vesicular, scoracious, or ropey surface textures. Glassy 

rocks might be called buchites (Spry and Solomon, 1964, 

p. 519-545) although buchites usually result from 
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vitrification of sediment by infetrusion of an igneous rock. 

Colors observed in pseudo-igneous rocks are gray, brown, 

mustard-yellow, red, reddish-brown, and black. Pseudo-

igneous rocks occur as large vertical masses called chim

neys by Rogers (1917, p. 5), sheet-like masses, and as 

veins or flows within areas of baked rocks. 

Chimneys (Figure 27) result from localization of 

previously discussed gas carrying fractures. Forced 

draft combustion of gases along these fractures causes 

partial melting, plugging of some fractures, and opening 

of others. Chimneys stand out as erosion-resistant dark 

masses within areas of reddish baked rock. 

Sheet-like units outcrop as jumbled red or black ,1] 

masses of brecciated baked and fused shales that are 

cemented by glass or recrystallized molten material. 

These units appear much like basalt flows (Figure 28), are 

exposed over wide areas, and cause the ground to exhibit 

a hummocky appearance. 

Veins of pseudo-igneous material are common, even in 

areas where widespread melting has not occurred. Veins 

appear to be emplaced along pre-existing fractures. 

Geopetal structures can be observed where flowage occurred 

in a sufficiently open space (Figure 29). Droplets were 

crystallized as they flowed down a fracture. Another type 

of pspudo-igneous rock resembling pumice, can be seen in a 

quarry in section 14, T 44 N, R 70 W (Figure 30). 
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Figure 26.—Outcrop 
of conglomeratic siltstone 

Figure 27.—Chimney at 
Minturn of pseudo-igneoui rock 
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Figure 28.—Outcrop of pseudo-igneous rock that 
resembles a lava flow. 

Figure 29 
molten material. 

—Geopetal structures. Drops of once 
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Ironstone Nodules 

Numerous ferruginous nodules that are found v/ithin 

the sedimentary section also exhibit effects of heating. 

Color of nodules is darkened and concentric structures are 

disrupted by a radially oriented fracture pattern (Figure 

31) . 
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Figure 30.—Flow of pseudo-igneous rock that 
resembles a volcanic pumice. The flow is approxim.ately 
three feet in length. 

I'm 

111 

Figure 31.—Baked ferruginous nodule showing the 
radial structure developed by heating. 



CilAPTER VII 

PETROGRAPHIC DESCRIPTION OF THE ALTERED ROCKS 

Bedded Baked Sandstones, Siltstones, and Shales 

Samples 7-5-71-14 through 7-5-71-19 were gathered 

along a traverse from an unaltered to a baked area near 

Minturn Quarry. Sample 7-5-71-14 was collected in the 

unaltered area and sample 7-5-71-19 was collected farther-

est into the baked areas. Samples 7-5-71-15, 7-5-71-16, 

7-5-71-17, 7-5-71-18, and 7-5-71-19 were collected at 

distances of 3, 5, 7, 12, and 15 feet, respectively, from 

sample 7-5-71-14. Sample locations are shown on Figure 23. 

Sample 7-5-71-14 is a tan, clayey siltstone. Silt' 

size grains in the sample average .04 mm in diam.eter. The 

sample contains clay galls, seric--'. te, calcite, and 

detrital grains of quartz and fel-lspar. 

Sample 7-5-71-15 contains some hematite and less 

sericite than 7-5-71-14. Hematite occurs as rims around 

calcite grains. 

Sample 7-5-71-16 shows close packing of silt grains 

in a clay matrix. Sericite is again common and sparry 

calcite appears as accicular clusters between silt grains. 

Sample 7-5-71-17 contains more calcite than 7-5-71-16 

and exhibits some replacement of quartz and feldspar grains 

46 
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by calcite 

Sample 7-5-71-18 is very light pink in color, contains 

hematite, accicular clusters of calcite, muscovite and 

biotite flakes, possibly some chlorite, and shows corrosion 

rims around detrital calcite grains. Formation of hematite 

is best developed along cross-bedding, where detrital 

magnetite was concentrated. 

Sample 7-5-71-19 is pink in color and contains more 

hematite than 7-5-71-18; quartz grains show overgrowth 

rims (Figure 32). 

Generally, the above progression from unaltered to 

baked rock shows that: (1) the phyllosilicate grains 

become less numerous but larger as the burned zone is ap

proached, (2) incidence of hematite increases, and (3) 

there is a tendency for quartz grains to acquire overgrowth 

rims. 

Coarser, cleaner sandstones I'cspond differently to 

baking than clayey siltstones. Hematite is still an import

ant product of heating and can occur as needles or sub-

spheroidal lumps, as in sample 7-18-71-3 or as elongate 

microcrystalline masses as in sample 7-15-71-Q Figure 33). 

Baked sandstones are porous, have been partially fused, and 

glass rims have formed around some sand grains. 

Calcareous rock in the burned area shows little or no 

evidence of alteration. All textures observed can be 

attributed to near-surface diagenetic processes. Floating 
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Figure 32.—Overgrowth rims on quartz grains in 
baked clayey siltstone. Plane light. Each micrometer 
division equals .0043 mm. 

Figure 33.--Elongate microcrystalline masses of 
hematite in baked clayey siltstone. Plane light. Each 
micrometer division equals .0043 mm. 
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textures result from the formation of micritic calcite rims 

around sand grains much like those described by Williams 

(1969, p. 75-77) and attributed to vadose cementation. 

Sample 7-18-71-4a is a gray calcareous sandstone. The 

cement is micrite and sand grains have rims of opal and 

micritic calcite. Fracturing in the rock occurred in two 

stages; opal filled the first set of fractures and calcite 

filled the second set. The opal-filled fractures are off

set by calcite-filled fractures. 

Sample 7-18-71-5 has sparry calcite cement and micritic 

calcite rims around sand grains. Corrosion of some sand 

grains is seen. Hematite rims occur around voids partially 

filled with sparry calcite. The voids seemingly were 

formed by solution of sand grains (Figure 34). 

Sample 7-18-71-6a is essentially the same as 7-18-71-5 

except that the sparry calcite cer.ent is replacing both 

the micritic calcite rims and the ŝ nd grains. 

Fused Shale 

All fused shales exhibit similar textures character

ized by a translucent, felty, groundmass. Detrital silt 

size grains are present in all fused shales examined 

and these grains do not appear to have been altered by 

baking. I^ sample 7-18-71-23, small linear areas of 

groundmass have undergone recrystallization (Figure 35). 

Small tabular, length slow, crystals of low relief and low 

birefringence are present in these areas and are possibly 
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Figure 34.—Micritic calcite rims around sand 
grains in calcareous sandstone. Plane light. Each micro
meter division eauals .0043 mm. 

Figure 35.--Recrystallized zone in a fused shale. 
The tabular crystals are possibly cordierite. Plane light 
Each micrometer division equals .0019 mm. 



51 

cordierite. Irregular areas of the rock are red because of 

oxidation of magnetite to hematite. Magnetite grains in 

the vicinity of the red areas are larger and more numerous 

than in other areas of the rock. 

Conglomeratic Siltstone 

Conglomeratic siltstones consist of blocks of clay 

that contain medium-silt size grains (Figure 36). The 

clay has a large amount of hematite in it and the entire 

groundmass is red. Deformation has occurred along edges 

of blocks and sericitization occurs in the spaces around 

some of the blocks. 

Pseudo-Igneous Rocks 

XB-2 is a sample collected from section 13, T 43 N, 

R 70 W. In hand specimen it is a breccia of baked shale 

that is cemented together by black opaque material. Blockr. 

of shale range in size from 1X1 cm to 4X3 cm. Thin sectioy 

analysis reveals that the dark material has a hornfelsic 

texture, is vesicular, and forms fine grained chilled 

contacts around fragments of baked shale. Minerals that 

compose the matrix are quartz pseudomorphous after tridy

mite, tabular and pseudo-hexagonal cordierite, and 

magnetite (Figure 37). 
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TT^r^u r.- ^^^i^^^ 36.--Conglomeratic siltstone. Plane light 
Each micrometer division equals .042 mm. 

Figure 37.—Twinned tridymite crystal form. 
Crossed Nicols. Each micrometer division equals .0029 mm. 
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NG-6 is a sample collected from section 16, T 52 N, 

R 72 W. Megascopically it resembles a brick-red lava 

containing black veins. The red material is an expanded 

baked shale and the black veins are composed of quartz 

pseudomorphous after tridymite, cordierite, plagioclase, 

and magnetite. Cordierite occurs as small euhedral tabular 

and pseudo-hexagonal crystals and larger twinned porphryo-

blasts. Twinning of the cordierite is polysynthetic which 

results in parallel or interpenetrating lamallae (Figures 

38 and 39). 

Sample NG-7 was also acquired in section 16, T 52 N, 

R 72 W. It appears to be a dark-red scoracious lava in 

hand specimen- Thin sections reveal that the rock consists 

of rounded detrital grains of quartz and feldspar bound in 

a matrix of glass, tabular cordierite, and hematite. Edges 

of detritv I grains have undergone fusion and developed 

glassy riyi--. 

Sample 7-3-71-5 is a fine-grained, vesicular, olive 

colored rock. Some vesicules are partially filled with 

calcite and the rock consists of bytownite and pigeonite 

in a matrix of calcite (Figure 40). Calcite comprises 

approximately 10% of the rock and bytownite and pigeonite 

evenly divide the remaining 90%. Anorthite content of the 

bytownite is 80%. The Michel-Levy method was used to 

determine the anorthite contend of plagioclase. The 

mineral identified as pigeonite is colorless to pale brown 

!! 
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Figure 38.--Polysynthetic twinning of cordierite 
with developm.ent of parallel lamallae. Each micrometer 
division equals .011 mm. 

Figure 39.—Polysynthetic twinning of cordierite 
with development of interpenetrating lamallae. Crossed 
Nicols. Each micrometer division equals .011 mm. 
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under plane light, has high relief, and exhibits colors of 

upper first order birefringence. The maximum extinction 

angle measured was 40° and this was the slower ray. The 

2V of the mineral was approximately 40° and it is optically 

positive. 

Sample 7-3-71-8 is a breccia of white fused shale 

blocks enclosed in a black vesicular matrix that has a 

vitreous luster. The matrix is composed of microlites of 

bytownite encased in black glass. Dendritic crystals of 

magnetite and rod-like crystals of andalusite have also 

formed in the glass. Blocks of fused shale range in size 

from small pieces 1 mm in diameter to larger angular 

blocks 1X1.5 cm. Bytownite crystals have enveloped and 

adhered to the shale blocks during crystallization (Figure 

41). Along the edge of one of the vesicules, a mineral 

identified as cummingtonite has formed; it is pale yellow-

green in plane light, shows slight pleochroism, is optical

ly positive, length fast, the maximum extinction angle 

mieasured V7as 21°, and it appears to show the typical 126° 

and 56° amphibole cleavage. 

Sample 7-3-71-22 is a pumice. It is composed of 

black glass and m^agnetite. The material is arranged in 

hollow rods with long axes parallel to the direction of 

flow. 
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y./ 

Figure 40.--Pigeonite and bytownite. The high 
relief mineral is the pigeonite. Plane light. Each micro
meter division equals .011 mm. 

f% 
Figure 41.—Bytownite microlites in black glass 

surrounding a block of fused shale. Plane light. Each 
micrometer division equals .0275 mm. 



CHAPTER VIII 

TEMPERATURES ATTAINED DURING ALTERATION 

Early experimental petrologic research, concerning 

fusion temperatures of natural slag derived from burning 

coal, was performed at the Geophysical Laboratory in 

Washington, D. C. by Brady and Greig (1939, p. 116-119). 

The slag was collected from Coconino County, Arizona. 

Mineralogically the slag resembles sample 7-3-71-5 that 

was collected for this thesis; it contains plagioclase and 

pyroxene. Dry pulverized and solid samples of the slag 

were sealed in silica glass tubes and heated in a furnace 

until melting occurred. The lowest temperature at which 

partial melting began was 1117° C and at 1212° C only a 

small amount of plagioclase remained unrr.eltsd. Brady and 

Greig stated that temperatures higher than 1212° C must 

have been attained, if complete melting had ever occurred. 

Wyllie (1959, p. 1044) made crystallization tempera

ture estimates for cordierite-bearing fused arkoses from 

the Hebrides Islands. These cordierite-bearing rocks 

resulted from heating associated with intrusion of a picrite 

sill and contained microlites of cordierite, tridymite, 

magnetite, and hypersthene. Wyllie constructed a pressure-

temperature diagram based on the system albite-orthoclase-

57 
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quartz-water for different water vapor pressures and the 

pressure and temperature dependent curve for the inversion 

of tridymite to quartz. Curve AB (Figure 42) is the line 

along which cordierite will begin to crystallize from the 

melt. Curve CD is the line which marks the end of cordier

ite crystallization. Temperatures involved range from 

1025° C to 935° C at a pressure of 430 kg/cm^ and from 

1310° C to 1225° C at atmospheric pressure. 

Wyllie and Tuttle (1961, p. 61) melted shales in the 

presence of water vapor at varying water vapor pressures. 

Shales utilized had compositions sim.ilar to baked clays in 

the Powder River Basin. Figure 4 3 shows the aggregate 

melting curves for the five shales used and similar curves 

for granite and tholeiite basalt (Wyllie and Tuttle, 1961, 

p. 58). Melting temperatures for the shales averaged 20° 

C higher than melting temperatures for granite at the same 

pressure. Initial melting occurred at approximately 710° 

C at a v/ater vapor pressure of 40,000 psi and at approxi

mately 800° C at 10,000 psi. At 150° C above the initial 

melting temperature one half of a sample had become 

liquid. The solid phase at this point consisted of quartz, 

mullite, cordierite, and hypersthene. 

Pressures during heating and fusion of sands and shales 

in the Powder River Basin were those of near surface environ

ments. Rogers (1918, p. 4) did not observe coal that was 

burning when the overburden was more than 100 feet thick. 
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800 900 1000 1100 1200 1300 1400 
T E M P E R A T U R E ^C 

Figure 42.—Pressure-temperature conditions obtain
ing when cordierite crystallized in fused arkoses. Lines 
AB and CD outline the regime in which cordierite crystal
lized. (After Wyllie, 1959) 

1200 -

500 
10,000 20,000 30,000 

PRESSURE P S I 

40,000 

Figure 43.—Pressure-temperature diagram comparing 
melting curves of five shales with melting curves of 
granite and tholeiite basalt. (After Wyllie and Tuttle, 
1961) 
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This limit results because slumping of overburden smothers 

fires and 100 feet is apparently the maximum thickness of 

overburden that can be self-supporting. One hundred feet 

equals 30.5 meters. If a density of 2.14 for water satur

ated overburden is assumed, then the maximum pressure 

developed under 100 feet of overburden would be 6.52 kg/cm^ 

or 92 psi. This pressure would plot near the zero pressure 

line of Wyllie (195 9) and would indicate formational temper

atures between 1225° C and 1310° C for the cordierite-

bearing rocks. Projection back to a pressure of 92 psi on 

Wyllie and Tuttle's (1961) melting curve for the shales 

results in an expected temperature of approximately 975°-

1000° C. 

Bore hole data collected by the U. S. Bureau of Mines 

indicate that m.aximum. temperatures occurring underground 

in coal fir^s range from 880° C to 1100° C (Griffith, 

et. al., l^GO, p. 76). These temperatures are well within 

the range of temperatures expected by Wyllie and Tuttle 

(1961) and approach the temperature range expected by 

Brady and Greig (1939). Wyllie's earlier work (1959) was 

not supported by direct experimental data and the tempera

tures expected seem to be too high. 



CHAPTER IX 

SUMMARY AND CONCLUSIONS 

1. Different lithologies respond to heating in 

different ways depending on the original composition of 

the rock and the degree of heating. 

a. Sandstones—Detrital magnetite in the rock is 

oxidized to hematite and some quartz and feldspar 

grains are partially fused. 

^' Clayey SiItstones--Detrital magnetite in the 

rock is oxidized to hematite, recrystallization of 

the phyllosilicate minerals occurs, and quartz 

grains acquire overgrowth rims. 

c. Clays--Clays are fused into hard brittle 

rocks that resemble porcel^.nites. 

d. Calcareous Sandstones--Calcareous sandstones 

exhibit little or no effect from the heating. 

Diagenetic textures suggesting vadose cementation 

are seen. 

2. Pseudo-igneous rocks are derived by melting or 

recrystallizing sedimentary rocks which lie above burning 

coal. Some pseudo-igneous rocks exhibit typical igneous 

textures and others show metamorphic textures. Igneous 

textures observed are trachytic, hypautomorphic-granular, 
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and hypocrystalline. Metamorphic textures seen are those 

typical of hornfelses and buchites. Temperature data 

gathered from experimental and field evidence indicate 

that pseudo-igneous rocks resulted from heating to 

maximum temperatures ranging from 880° C to 1100° C. 

3. Iron is found as magnetite in unbaked sedimentary 

rocks and as hematite in baked sedimentary rocks. Conver

sion of magnetite to hematite when heated in the presence 

of oxygen is expected. 
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