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Water associated with coal beds in
Wyoming’s Powder River Basin

using advanced computer technology to normalize, integrate, and visualize great quantities of

data. A truncated final preparation stage led to inadequate editorial review, so there are many
errors in the publication. Below, we offer several clarifications and address those errors that we believe
warrant attention. The reader is seriously invited to point out what we have missed.

This memoir represents one of the first efforts by the WSGS to create a cross-disciplinary study
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Apologia

Figure 1-10 (page 28), an isopach map, shows an
area of negative thickness. Figure 4-123 (page 269)
shows an area of negative sulfide concentration. Both
impossibilities are plotted where steeply converging
top and botrom surfaces are extrapolated to, and past,
intersection. The model does not consider zero thick-
ness or concentration below a detection limit. Thus
may negative property values result from the smooth-
ing of sparse data. And, make no mistake: spread over
the 12,500 square miles of the Wyoming PRB, even
the great amount of data with which we now work is
sparse data.

Chapter 2 describes t e subsurface distribution and
thickness of 26 coal beds; Chapter 4 displays basin-
wide structural and compositional characteristics

of the coal beds described in Chapter 2. There are
marked differences between the coal bed maps in
Chapter 2 (Figures 2-7 to 2-32) and the correspond-
ing maps in Chapter 4 (Figuares 4-5 to 4-82), and
between corresponding coal-bed volume estimates
(and in different units — Tables 2-9 and 4-2). The
reason: different scales of resolution were employed

to fulfill the different purposes of the two chapters.
Chapter 2 focuses on the thickness of a coal bed at any
given location; the coal bed descriptions were devel-
oped from bore hole data as generated using ArcGIS™

Spatial Analyst™ at fine resolution, on a grid 30 meters
square. Chapter 4 focuses on the structural elevation
of the coal beds as stratigraphic units and the distribu-
tion of water quality parameters, basin-wide; the coal
bed displays were developed from the bore hole data
and correlations from Chapter 2, but were represented
in Earth Vision@ at coarse resolution, on a grid ap-
proximately one-half mile square.

Therefore, to evaluate the coal beneath a given ground
location, the Chapter 2 presentation is more precise
and more useful. To visualize the structural configura-
tion of the coal bed sequence over the whole basin, the
Chapter 4 presentation is more useful. And as for the
coal bed volumes, the Chapter 4 authors’ decision to
use the more accurate Chapter 2 volume estimates was
not carried into the final preparation stage. The values
in Table 2-9 are to be used.

On a lighter note: A computer, having no conscience,
is not at all embarrassed to present numerical conclu-
sions at far more significant figures than are justified
by the precision of the data from which they are
derived. Thus, for example, can the volume of the
Canyoen Rider coal bed shamelessly presented (Figure
4-49) as 3,147,517,616.0 m? reasonably be read as

3.15 billion cubic meters.

Corrigenda
Section Location As written As corrected
ntroduction | P 11, RH column, acro- DEQ WDEQ
nyms
Eni %_};H column, § 1, inidcates tectonic activity indicates little tectonic activity
Ch 1 En§l4’ LH column, § 1, Steele Steele (Cody equivalent)
apter
ﬁn224’ }; ?mc:k:imn, 12, Oligocene Oligocene rocks
p- 38, line 1 Plate 1-1 Plate 1
. 54, LH column, line 2
rom bottom (DEQ) (WDEQ)
En242, LH column, § 4, DEQ WDEQ
Chapter 2 Figure 2-6 shows the distribution
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Cor igen a

Section Location As written As corrected
i;lg()l, LH column, § 4, ;i i
1;1201’ LH column, § 5, Z,,J 5
ﬁ'ngol’lRH column, §2, Figure 2-7 shows the area Figure 2-6a shows the area
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.97, RH column ¢ 2, . .
Appendix Enc 2 from end Figure 2A-2 Figure 2A-1
24
> 98 LH column, § 1, g e 241 Figure 2A-2
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[;. l111512,5LH column, last basing basins
Chapter 3 |
Eni 585’ LH column, § 1, Appendix 4A Appendix 4A2
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ine 9 eceive receives
ﬁ;ulfs’ LH column, last Appendix 4A Appendix 4A1
ﬁnifi’_lz‘%;gzﬁgl’ I3 | these maps some of these maps
The five N-S cross sections are The five N-S cross sections are
equally spaced (about 19 miles | spaced about 19 miles afart;
Chapter 4 apart); they begin in the south, th?r begin in the west (4-3a),
an

p- 165, LH column, ¢ 6,
lines 5-11

and each subsequent section
is farther north (the viewer is
looking north). The five E-W
cross sections are also equally
iﬁaccd (about 20 miles apart);

ey begin in the east, and each
subsequent section is farther west
(the viewer is looking west).

each subsequent section is
farther east (the viewer is look-
ing west). The five E-W cross
sections are spaced about 20
miles apart; they begin in the
south (4-4a), and each subse-
uent section is farther north
?thc viewer is looking north).
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fine 2 from end igure 4-83 through Figure 4-91 | Figure 4-83 and Figure 4-9
p. 167, RH column, line 4 | 4-113 4-112
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Chapter 5
. 305, LH column, 4 1, 234 (3/mi , 234 ft*/minute, or 3.9 fi¥/
ine 3 or minute) second)
. 305, LH col , €1,
ine 7 column, § 1,750 gpm 1,750 gpm, 2.5 gpd
i'nz 1142’ LH column, § 3, linears lineaments
p. 321-323, Tables 6-3b [All box head dates are 2007 and | [Box ead dates correspond to
to 6-3g, box heads 2008] table titles]
p- 324, Table 6-3i, caption | (MCF/day) (bbls/day)
Chapter 6 | p. 325-328, Tables 6-4b [All box head dates are 2007 and | [Box head dates correspond to
to 6-4g, box heads 2008] table titles)
p- 328, Table 6-4i, caption | (MCF/day.well) (bbls/day)
p. 342, caption, line 2 absorption adsorption
1;12413’ RH column, § 3, linears lineaments
Addenda
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Figure 2-6a. Index map for 26 major coal bed maps...62a
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IMS: Interactive Mapping Service, WSGS
WQD: Water Quality Division, WDEQ

p- 62a: between pages 62 and 63

maps...

Figure 2-6a. Index map for maps of the 26 major coal bed

p- 329, RH column, § 2, end of §

(Figure 6-9)
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INTRODUCTION

David Copeland

his project was initiated to extend earlier

coverage of the northern PRB to include

the area of the basin south of the 12th

Standard Parallel North. Partway into the
project, concern about the quality and usefulness of
our methods and results led us, rather, to incorporate
the raw data from the northern PRB project into our
database and to generate integrated models for the
whole basin. This allowed us to model at a consistent
level of quality, to present a seamless interpretation
across the 12* Standard Parallel, and to create an
interactive website with uniform coverage over the
basin. We count our three-dimensional modeling and
visualization product as a major advance in our abil-
ity to understand and assess the coal, coal bed natural
gas, and water resources of the PRB.

This report describes the subsurface of the Wyoming
Powder River Basin north of the 10th Standard
Parallel North and the surface of the entire basin.
Insufficient reliable subsurface data exist at this time
for the area of the basin south of the 10th Standard
Parallel. In light of this and other data deficiencies,
we designed our model to be upgraded (regenerated)
annually from an annually expanded database. We
count this capacity for continually improving our
product as a major contribution of this project.

The project goal was to create a means of predicting
the quality of the water that would be produced from
any given coal bed anywhere in the basin. The objec-
tives we identified to accomplish this goal were:



e Collect and rationalize databases of coal bed top
and base elevations and of water analyses

* With data processing, create three-dimensional
models of coal beds and water quality parameters

o Integrate these models, associating water quality

with coal beds

* Display the coal, water, and integrated models
geospatially as maps, contour maps, inclined views
of volumes, and cross sections

¢ Create a framework for continually upgrading
the water quality and integrated models

Pursuit of these objectives yielded several useful by-
products:

* A new interpretation of basin-wide Tertiary coal
distribution in the Wyoming PRB, the most ac-
curate and useful to date

* A more precise estimate of coal volumes than
previously attainable

* A comprehensive description of the water re-
sources of the basin, as complete as available data
allowed, with a look at subsurface water movement

* An interactive website where many other sorts of
information can be superimposed on our maps and
subsurface views — some examples are wildlife dis-
tribution, crops, pipelines, geologic hazards, soils,
and microclimates

()

Chapter 1 presents the geologic history of the PRB
area within the geologic history of Wyoming. Various
sedimentary sources and environments of deposition
prefigured the aquifers, aquitards, and coal beds of
today. Structure contour and isopach maps illustrate
the present form of the Upper Cretaceous and Ter-
tiary formations of interest.

Chapter 2 begins with a history of how coal deposits
in the basin were perceived and classified during the
20th century. A new interpretation of the basin-wide
distribution of Tertiary coals in coal beds and coal
zones in the PRB is based on the computer analysis
and configuring of the largest database assembled

to date for these coals. We illustrate our three-
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dimensional modeling by distribution maps of thin
and thick coal in each of the 26 major coal beds.
An algorithm that sums coal volumes in consecutive
thickness intervals gives a new coal volume estimate
for each coal bed. An appendix describes how we
identified coal beds and other lithologies on geo-
physical well logs.

Chapter 3 describes in detail the aquifers and aqui-
tards in the basin, Precambrian to Recent, as well

as surface water and drainage. As the availability of
reliable data allows, water quality parameters and
chemistry are tied to each aquifer in various parts of
the basin and at various depths.

Chapter 4 describes our use of proprietary and
WSGS in-house computer programs to associate
water quality parameters and water chemistry with
individual coal beds in integrated three-dimensional
models. A water quality parameter — TDS, for
example — from the analysis of a sample is tied to
the geographical coordinates of the well from which
the sample was taken and the depth of penetration
of the well. The spatial information is matched with
the particular coal bed (or aquifer) that occurs at
that depth at those coordinates. A number of such
matches across the basin in that coal bed allows the
contouring of the coal bed with respect to TDS; the
product is a TDS distribution map of the coal bed.
This chapter contains many visualizations of the dis-
tribution of water quality parameters and ion concen-
trations on contour maps and cross sections. These
visualizations show the flexibility and specificity that
this product offers in water quality prediction. An
appendix describes the interactive hydrological and
geological database and how to use it.

This report is timely in that the state of Wyoming
and the oil, gas, and coal industries, particularly the
CBNG industry, must proactively address the twin
problems of the quality and quantity of co-produced
water in the PRB, or will have to do so reactively, and
at greater cost, as the problems worsen. Chapters 5
and 6 suggest approaches to these problems.

Chapter 5 explores desalination as an option for
CBNG produced water treatment that meets the
first of the two greatest challenges facing CBNG
development in the PRB, the quality and quantity
of co-produced water. Treating all water produced



during CBNG activities to drinking water quality
standards would optimize beneficial use of the water
and minimize waste; and plant to do it would be paid
for promptly.

Chapter 6 addresses the quantity problem, identify-
ing these factors that indicate increased water produc-
tion all out of proportion to increased gas produc-
tion. The WSGS supports regulation of CBNG wells,
after a reasonable dewatering period, based on water/
gas ratio, as well as a moratorium on development in
areas where no promise of achieving minimum water/
gas ratios can be shown. Implementation of these
measures would be a first step in developing a strat-
egy to minimize both produced water and animosity
toward future CBNG development, and would set
regulation of CBNG activity in the basin on a sound,
scientifically-supported path.

(Y5}

The basin is defined a little differently for the pur-
poses of each of chapter. The basin is most broadly
defined as the Powder River Basin Drainage Area
(PRBDA), that part of northeast Wyoming drained
by the rivers originating in the PRB, and bounded
by watershed divides and the state line. Within the
PRBDA is the Powder River Basin (PRB), the geo-
logic basin surrounded by uplifts, and, for purposes
of coalbed description and interactive modeling, that
area of the basin underlying the Fort Union forma-
tion. The Powder River basin is the drainage basin of
the Powder River, one of the six rivers draining the
PRBDA.

The authors of these chapters would like to acknowl-
edge and thank several members of the WSGS staff,
the Wyoming Oil and Gas Conservation Commis-
sion, and the Wyoming Water Development Com-
mission. Throughout the course of this of project,
every member of the WSGS staff made at least a
small contribution and should be recognized; how-
ever, the authors would like to acknowledge a few
that put a lot of time and effort into the completion
of this report. Dave Copeland and Meg Ewald, thank
you for a very thorough and swift editing and review
process. The authors also thank Jim Rodgers, David
Lucke, Allory Deiss, and Robin Lyons for creating
the many graphics and figures in this report. Most of
the data gathered to build these models came from
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the Wyoming Oil and Gas Conservation Commis-
sion, and the authors thank them for providing

an up-to-date public information hub. Finally, the
WSGS staff would like to thank the Wyoming Water
Development Commission for funding this project.
Their support brought about a comprehensive and
in-depth study of the Wyoming Powder River Basin.

()

Acronyms: we don't like them much either, but they
do save trees and diminish eye strain.

CBNG  coal bed natural gas

DEQ Wyoming Department of Environmental
Quality

NPDES ~ National Pollutant Discharge Elimination
System (U.S. Environmental Protection
Agency)

PRB Powder River Basin — the structural and
depositional basin

PRBDA  Powder River Basin Drainage Area — the
area of northeast Wyoming drained by rivers
originating in the PRB

DS§ total dissolved solids — in groundwater or
surface water

USGS United States Geological Survey

WOGCC Wyoming Oil and Gas Conservation Com-
mission

WSGS Wyoming State Geological Survey

WWDC  Wyoming Water Development Commission

WYPDES Wyoming Pollutant Discharge Elimination

System






CHAPTER 1

geography and geology

Alan J. Ver Ploeg, Rodney H. DeBruin, and Richard W. Jones

he Powder River Basin (PRB) of north-

eastern Wyoming and southeastern

Montana (Figure 1-1) occupies the

western part of the Northern Great Plains
physiographic region. This report deals only with the
Wyoming PRB, which encompasses approximately
12,500 square miles in 350 townships in an area
extending from T. 32 N. to T. 58 N., and from R. 66
W.to R. 86 W.

The geologic map of the Wyoming PRB (Plate 1,
on DVD in pocket) prepared for this study is based
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on 16 Wyoming State Geological Survey (WSGS)
bedrock geologic maps of 1:100,000-scale metric
quadrangles (Appendix 1A) that make up the north-
east quadrant of Wyoming. Plate 1 shows the surface
geology both in the basin and on the flanks of the
surrounding uplifts.

In this chapter, we use the terms Powder River Basin
or PRB to designate the present structural and depo-
sitional basin, and the term PRB area to describe that
earlier, pre-Laramide area that became a basin in the
Late Cretaceous.
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Geography

The Wyoming PRB is a large intermontane basin sur-
rounded by mountainous terrain on the south, east,
and west. Elevations in the PRB range from approxi-
mately 3,200 to 7,480 feet above sea level (Knight,
1994); higher elevations occur on the basin margin
along the flanks of the Bighorn and Laramie moun-
tains and the Black Hills. Major drainages in the
area include the Powder, Tongue, Belle Fourche, and
Cheyenne rivers and their tributaries (Figure 1-1).
Surface waters in the PRB flow north or east into the
Missouri river system. Annual precipitation ranges
from 12—16 inches in the basin (Knight, 1994) to

more than 30 inches in the mountains.

Major industries in the PRB include oil, gas, and coal
extraction and related activities; agriculture (ranching
and irrigated farming); and recreation/tourism. Most
of the area is sparsely populated and rural. Casper,
Gillette, and Sheridan are the major population
centers in the basin. Several railroads, mainly used

by unit trains transporting large amounts of coal to
out-of-state power plants, serve the PRB. Interstate
Highway 90 crosses the basin from east to west, and
I-25 crosses the western PRB from south to north,
meeting 1-90 near Buffalo. U.S. and state highways
connect towns and smaller settlements in the area.

Geologic overview

The Powder River structural basin of northeastern
Wyoming and southeastern Montana is a deep, asym-
metric, mildly deformed trough approximately 250
miles long north to south and 100 miles wide east to
west. This Laramide (approximately Late Cretaceous
— Eocene) foreland basin is bordered on the south by
the Hartville uplift, the Laramie Mountains, and the
Casper Arch; on the west by the Bighorn Mountains;
on the north by the Miles City Arch in Montana; and
on the east by the Black Hills (Figure 1-2). The basin
axis trends north-northwest in the Wyoming PRB, as
expressed by structure contour maps of stratigraphic
units (presented below). The axis runs parallel to and
several miles east of the steeply dipping west margin
of the basin. In Montana, the basin axis trends north-
south.

Structural relief in the PRB (at the Precambrian-
Cambrian contact) is more than 25,000 feet (Black-
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stone, 1981). The Paleozoic, Mesozoic, and Cenozoic
rocks in the basin are more than 18,000 feet thick
along the basin axis. Early Tertiary rocks crop out
extensively in the central part of the basin (Plate 1-1)
and dominate the surface geology. Surficial deposits
and related landforms occur primarily along major
drainages and the basin margins. Rocks at the surface
dip gently 1 to 3 degrees west in the eastern basin
(east of the basin axis and west of the Black Hills
Monocline), and are steeply dipping to overturned
on the west and southwest margins. Major faults and
folds are mostly restricted to the mountain flanks
surrounding the basin. Displacement on the ma-

jor reverse and thrust faults is as great as 4,100 feet
(Blackstone, 1981), and some faults may have strike-
slip components. Normal faults with small displace-
ment and shallow folds also exist within the basin.

Geologic history

Rocks exposed in the PRB area record a long and
complex geologic history, and represent nearly all
geologic time periods. However, unconformities

(in the older rocks especially) reveal the incomplete
nature of the geologic record actually preserved, and
indicate periods of either non-deposition or deposi-
tion and later removal by erosion. Late Mesozoic

and early Cenozoic rocks preserve the most complete
geologic record of the PRB. Precambrian crystalline
rocks form the basement in the PRB, and are exposed
in most of the mountains and uplifts surrounding the
basin. These oldest rocks are mostly Archean in age,
having formed more than 2.5 billion years ago (2.5
giga-annum or Ga); this chapter does not address
them further. Following a long period of erosion at
the end of the Precambrian that resulted in a regional
unconformity (nonconformity), deposition of the
Phanerozoic sedimentary sequence in northeastern
Wyoming and the area that would become the PRB
began approximately 570 million years ago (570
mega-annum or Ma).

The PRB (and most of the surrounding uplifts) did
not exist as a structural and depositional entity until
its present structural configuration began to form

at the beginning of the Laramide Orogeny during
the latest Cretaceous (approximately 70 Ma) and
early Tertiary (approximately 60 Ma). Earlier in the
Cretaceous Period (approximately 120-80 Ma), the
onset of the Cordilleran Orogeny (i.e., the Sevier
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Orogeny) some distance west of the PRB caused a
large foreland basin to form east of that orogenic
belt. A thick sequence of primarily marine, marginal
marine, and deltaic sediments accumulated in this
basin on the western edge of the Cretaceous Interior
Seaway; a great thickness of Upper Cretaceous and
early Paleocene strata is now preserved in much of
Wyoming and the PRB. In the late Paleocene and
early Eocene (the Laramide Orogeny in the PRB),
orogenic pulses progressed eastward and segmented
the area into the basins and uplifts that constitute
northeastern Wyoming today. Prior to this orogenic
activity, Paleozoic and lower Mesozoic rocks had
been deposited in paleogeographic and paleotectonic
settings very different from these later (Laramide) set-
tings (Macke, 1993).

Paleozoic Era

The Paleozoic geologic history of the PRB area and
that of the rest of Wyoming are essentially the same.
Boyd (1993) provides a general and very informative
synopsis for each period in the era. We abstracted
much of the discussion below from that article. The
stratigraphic chart of northeastern Wyoming (Figure
1-3), including the Bighorn and Black Hills uplifts
and the PRB, records deposition of Cambrian, Ordo-
vician, Devonian, Mississippian, Pennsylvanian, and
Permian carbonate and clastic rocks, dominantly ma-
rine or marginal marine. In northeastern Wyoming,
unconformities separate the formations in most of
the Paleozoic geologic periods, indicating hiatuses in
the record where sediments either were not deposited
or are now absent due to uplift and erosion. For ex-
ample, rocks from the Silurian Period are not present
in the PRB. However, evidence from kimberlitic dia-
tremes near the Colorado/Wyoming border indicates
that marine rocks were probably deposited over much
of Wyoming during Silurian time but have since
eroded completely (Boyd, 1993).

Throughout much of the Paleozoic, most of Wyo-
ming lay on the western edge of the North American
craton: eastern and central Wyoming existed as a
relatively wide, shallow shelf, while western Wyoming
existed as a deeper trough area. Sedimentation was
substantially less on the shelf than in the trough, and
erosion and non-deposition were more likely, so the
preserved thickness of Paleozoic rocks is much greater
in western Wyoming than in eastern Wyoming. The
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total thickness of Paleozoic rocks in the PRB area is
approximately 3,300 feet, compared to approximately
19,500 feet in the trough located in western Wyo-
ming and Idaho.

The oldest Paleozoic rocks in the PRB are Middle
and Upper Cambrian siliciclastic deposits (Flathead
Sandstone and Deadwood Formation) and lime-
stone (Gallatin Limestone) deposited by a sea that
advanced (transgressed) from west to east across the
state over an ancient topography developed on much
older Precambrian rocks. After a long hiatus, Late
Ordovician and Silurian marine carbonate rocks were
deposited over the Cambrian sequence; a period of
erosion then removed all of the Silurian rocks and
some of the Ordovician rocks (leaving the Bighorn
and Whitewood dolomites and the Winnipeg For-
mation). Devonian seas transgressed into parts of
northern and western Wyoming, but regressed before
reaching the PRB.

A major transgression of a seaway from the west and
north occurred in the Early Mississippian and depos-
ited a thick carbonate sequence (Madison Limestone;
Pahasapa and Englewood limestones in the Black
Hills). Regression of the sea exposed the Madison to
subaerial processes, and prominent karst topography
developed on its upper surface. Another transgres-
sive cycle deposited the shales and carbonates of the
Amsden Formation. Complexly alternating marine
and nonmarine conditions prevailed in the Late Mis-
sissippian and Eatly Pennsylvanian. Windblown de-
posits (Tensleep Sandstone) from the north and west
dominate Middle and Upper Pennsylvanian strata.
Many of the windblown deposits contain carbonate
beds from occasional incursions of shallow water. In
eastern Wyoming, marine conditions were more con-
tinuous, and hundreds of feet of both limestone and
sandstone (Minnelusa Formation) were deposited.
These conditions persisted into the Early Permian,
and were followed by a period of widespread suba-
erial erosion and increasing aridity throughout much
of Wyoming. Redbed deposition in eastern Wyoming
complexly interfingered with carbonate deposition in
central Wyoming (Goose Egg Formation). Phosphate
and chert deposition in a western Wyoming seaway
formed the Phosphoria Formation. Some of these
environments persisted into the Mesozoic Era.
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Mesozoic Era

Like the Paleozoic geologic history of the PRB area,
much of the Mesozoic history of the area is best de-
scribed within the history of the whole state. Articles
by Picard (1993) and Steidtmann (1993) summa-
rize the Mesozoic history of Wyoming, and much

of the discussion below has been abstracted from
those articles. The stratigraphic chart of northeastern
Wyoming (Figure 1-3) for the Bighorn and Black
Hills uplifts and the PRB shows the thick sequence of
rocks (Figure 1-4) deposited from approximately 240
to 66 Ma during the Triassic, Jurassic, and Cretaceous
periods. Many of the same stratigraphic units occur
throughout Wyoming basins and on the flanks of up-
lifts (Love, Christiansen, and Ver Ploeg, 1993), dem-
onstrating that the Laramide structures that would
later divide Wyoming into separate structural basins
had not developed enough to generally influence de-
position. During the Mesozoic, the broad Wyoming
shelf that persisted throughout much of the Paleozoic
began to narrow somewhat, and parts of Wyoming
became emergent at times. Sediment sources became
more localized in response to developing Cordilleran
tectonics, and marine incursions from directions
other than west influenced deposition.

The Mesozoic began with a transgression of marine
waters onto the shelf in western Wyoming, while

in the PRB area, deposition of terrestrial redbeds,
evaporates, and carbonates (from marine waters that
occasionally spread eastward) continued from the
Permian. Deposition of rocks that would later be
diagenetically altered to the ubiquitous redbeds of
the Chugwater and Spearfish formations continued
through the Triassic and into the Early Jurassic, as the
Wyoming shelf was emergent and the region became
a terrestrial plain covered by lakes, streams, and
sand seas. A widespread unconformity at the base of
Middle Jurassic rocks shows that some of the ear-
lier Triassic and Early Jurassic rocks in northeastern
Wyoming began to erode, and that the now “stable
Wyoming shelf became a regional, low-lying erosion
surface” (Picard, 1993). The Gypsum Spring Forma-
tion, a widespread evaporite unit of mostly anhydrite
and gypsum, was deposited on this surface. The
Middle Jurassic saw the return of marine conditions
to the Wyoming shelf, as Sundance seas transgressed
and regressed periodically across Wyoming from the
west and north, depositing a number of rock types
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(Sundance Formation) in a variety of deep-water,
offshore, barrier-island, lagoon, nearshore, beach, and
coastal-plain environments. At times the area was
emergent, and windblown sand reworked from the
marine sediments was deposited. The fine-grained na-
ture of the Middle Jurassic deposits indicates tectonic
activity in most of Wyoming, and thus scant sources
of coarser-grained materials (Johnson, 1992). Wyo-
ming was again emergent in the Late Jurassic, and
varicolored claystones, mudstones, and siltstones of
the Morrison Formation were deposited in terrestrial
environments: alluvial fans; braided and meandering
stream systems; and small ephemeral lakes.

Sedimentary rocks in the PRB from the final period
of the Mesozoic, the Cretaceous, represent deposition
in a foreland basin adjacent to the fold-and-thrust
belt to the west. A very thick sequence of sediments
was deposited in this basin, mostly in the Western
Interior Seaway — a great epicontinental seaway that
developed in the interior of North America (Figure
1-5). Much of Wyoming remained at or near the
western edge of the seaway throughout the Creta-
ceous. Some tectonic activity controlled the deposi-
tional patterns within the foreland, but not until late
in the Cretaceous did Laramide deformation of the
basement segment the foreland into the basins and

uplifts of today.

The earliest Cretaceous rocks (dated at 125 to 112
Ma) deposited in the PRB unconformably over-

lie Jurassic rocks and consist of nonmarine gravels
and sandstones (Cloverly Formation and the Inyan
Kara Group, west to east) derived from the start of
tectonic activity to the west. The unconformity at
the base of the Cretaceous represents a part of the
Early Cretaceous sedimentary record not preserved
in northeastern Wyoming, and may partially explain
why the Lower Cretaceous rocks are much thin-

ner (between 500 and 1,000 feet thick) here than

in western Wyoming (5,500 feet or more). The first
Cretaceous marine transgression into the PRB area
followed another, shorter hiatus and initiated deposi-
tion of a thick marine shale sequence (Thermopolis
and Skull Creek shales, west to east). Volcanic activity
to the west supplied windblown volcanic ash to the
seaway: beds of this ash exist as extensive bentonite
marker beds within the marine shales of Early and
Late Cretaceous time.
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EXPLANATION

Water

Powder River Basin, Wyoming - Land, unbounded where speculative

Interior Seaway boundary,
dashed where speculative

Figure 1-5. Wyoming and the Wyoming Powder River Basin in relation to the generalized paleogeography of the Late
Cretaceous (Campanian) Western Interior Seaway. Modified from Flores and Cross (1991, Figure 6).

For the next 30 million years, through most of the
Late Cretaceous, east-west transgressions and re-
gressions of the Interior Seaway deposited mostly
marine shales (Mowry, Cody, Steele, Pierre, Lewis,
and Bearpaw shales) and thin limestones or chalks
(Niobrara Formation) in the PRB area. The migrat-
ing shoreline also deposited a number of sand bodies
(Frontier and Mesaverde formations) that interrupt
this dominantly marine shale sequence, sands derived
from the now tectonically active fold-and-thrust belt
to the west. In places, deltaic, lagoonal, alluvial plain,
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and terrestrial environments followed the migrating
shorelines. As in the Lower Cretaceous, the thickness
of Upper Cretaceous rocks probably resulted from
the rate of subsidence, sediment supply, and sea-level
change in northeastern Wyoming. Upper Cretaceous
rocks measure from 5,000 to more than 8,000 feet
thick in the PRB, compared to 18,000 feet thick in
southwestern Wyoming. Near the end of the Late
Cretaceous (approximately 73 Ma), the last regression
of the Interjor Seaway to the east and north ended
marine deposition (Lewis/Bearpaw/Pierre shales) in



the PRB area, left a regressive shoreline deposit (Fox
Hills Sandstone), and initiated a progressive change
to terrestrial deposition (Lance Formation) as coastal-
plain and alluvial-plain environments gave way to
fAuvial environments, and the Mesozoic Era ended.

Cenozoic Era

In the PRB and northeastern Wyoming, rocks from
the Paleocene, early Eocene, and Oligocene epochs
(Figure 1-6) were deposited in the sedimentary basin
formed by the Laramide Orogeny. Deformation of
the foreland basin during the Laramide Orogeny may
have begun as early as 80 Ma (Late Cretaceous) in
southwestern Wyoming. The tectonic front moved
eastward over time (W.G. Brown, 1993) and seg-
mented the foreland into discrete mountain uplifts
and subsiding basins. Deformation and uplift of the
Bighorn Mountains (and contemporaneous basin
subsidence) may have started in the early Paleocene
in some areas (J.L. Brown, 1993) or in the late
Paleocene (-60 Ma) elsewhere, reached its maximum
in the early Eocene (~-51 Ma), and ended with some
deformation in the middle Eocene (W.G. Brown,
1993). A similar chronology applies to the other
uplifts surrounding the basin. Deposition across the
Cretaceous/ Tertiary boundary and into the early
Focene was continuous in most of the central basin,
but several unconformities exist on both the east and
west edges of the basin. The Paleocene rocks of the
Fort Union Formation measure more than 5,000 feet
thick in the deepest part of the basin and are overlain
by Eocene rocks of the Wasatch Formation nearly
2,000 feet thick. Weathering of the ranges and in-
tense distal volcanism produced the Oligocene rocks
(White River Formation), which appear to have been
deposited throughout the basin from the Bighorn
Mountains to the Black Hills. Epeirogenic uplift

late in the Tertiary and subsequent erosion removed
most of the Oligocene, but left remnants in the Black
Hills, high on the flank of the Bighorn Mountains,
and as high mesas (Pumpkin Buttes; Figure 1-7) in
the central PRB.

Lower Paleocene rocks (Tullock Member of the Fort
Union Formation) were deposited in a fluvial system
that developed on a lowland alluvial plain near sea
level, with a river system flowing east and northeast
toward the remnants of the Cretaceous Interior
Seaway that existed as the Paleocene Cannonball Sea
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in the western Dakotas. Curry (1971) presented evi-
dence that subsidence of the PRB (and of the Wind
River Basin to the southwest) influenced deposition
of latest Cretaceous rocks and continued into the
Paleocene. J.L. Brown (1993) presented lithologic
and sedimentologic evidence in the Tullock Member
that doming and uplift of the Bighorn Mountains
occurred in the early Paleocene, with deposition in
the subsiding PRB, and that swampy (coal-forming)
conditions that existed in the southeastern PRB dur-
ing Lance deposition in the Late Cretaceous contin-
ued into the early Paleocene.

Middle Paleocene rocks (Lebo Shale Member of

the Fort Union) are dominantly very-fine-grained
siltstones, mudstones, and shales, all deposited in a
lacustrine system with widespread mudflats and shal-
low lakes drained by a sluggish river system. Many
authors have suggested that ponding occurred along
the subsiding basin axis, and that many of the sedi-
ments were eroded from the older Cretaceous marine
shales exposed on the Owl Creek and Bighorn
uplifts. The sparsity of coarse-grained material in the
Lebo, along with its thickness trends, suggests that
most of the tectonic activity was basin subsidence,
predominantly in the southwestern PRB. However,
local relief along the western margin of the PRB dur-
ing the middle Paleocene may have caused deposition
of the pebbly sandstone channel fills cut into the
fine-grained mudstones (Whipkey et al., 1991).

In the late Paleocene (deposition of the Tongue
River Member of the Fort Union), tectonic activ-
ity intensified, especially in the Bighorn Mountains.
This activity exposed Mesozoic and upper Paleozoic
rocks, and deposited coarse-grained sandstones and
conglomerates on the west margin of the basin and
finer-grained sediments in the subsiding trough. The
humid, semi-tropical climate allowed prolific plant
growth, and extensive peat swamps formed through-
out the basin. Basin tectonics and a fluctuating water
table provided the accommodation space required to
produce and preserve the great amounts of organic
material (Seeland, 1993) that became the laterally
extensive coal beds mined today.

Uplift and deformation of the Bighorn Mountains
was most active in the latest Paleocene and early
Eocene, with erosion exposing the Precambrian core
along a thrust fault that surfaced along the eastern
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Figure 1-7. Pumpkin Buttes, lone remnants of the Oligocene
White River Formation that once covered the Powder River
Basin. View eastward into the south-central PRB. Photo by

Meg Ewald.

mountain front. Several thick conglomerate sequenc-
es (Kingsbury Conglomerate Member and overly-
ing Moncrief Member of the Wasatch Formation)
were deposited as alluvial fans on the west edge of
the PRB, and finer debris (main part of the Wasatch
Formation) accumulated along with peat in the
swamps of the subsiding basin to the east. Additional
sediment entered the PRB from other surrounding
uplifts, but in smaller amounts because the uplifts
were smaller and the deformation less intense.

Seeland (1992), interpreting paleodrainages in the
PRB, envisioned a large extrabasinal trunk stream
that flowed south along the axis of the Wind River
Basin, crossed the Casper Arch, and flowed north in
the western PRB along the basin axis. A major tribu-
tary drained the southern and southeastern PRB,
flowing northwest to join the major trunk stream
near Buffalo. Seeland believed that three major alluvi-
al depositional systems deposited the Wasatch in the
PRB: a distal mud-rich source to the east in the Black
Hills; a proximal sand-rich alluvial plain alluvial fan
source to the south in the Laramie Mountains; and a
stream-dominated alluvial fan source to the west in
the Bighorn Mountains.

An erosional unconformity between early Eocene
and Oligocene rocks in the PRB reflects removal of
any evidence for deposition of middle and upper
Focene rocks in the PRB. However, the Absaroka
volcanic field in northwestern Wyoming produced
extensive volcaniclastic and ash-fall deposits in other
basins in Wyoming during that time. We infer that
the PRB was also filled with volcanic debris from the
Absarokas during the middle Eocene. Deposition of
the lower Oligocene White River Formation (now
preserved on Pumpkin Buttes: see Figure 1-7) may
have filled the PRB nearly to the level of the sur-
rounding uplifts. The amount of basin fill is difficult
to determine because Oligocene to Pliocene rocks are
scarce in the basin. The Oligocene deposits consist
of materials that, for the most part, were derived
from remote sources. These deposits are volcanic ash
with minor amounts of debris from the Precambrian
mountain core. In the Black Hills, isolated outcrops
of the upper Miocene-Pliocene Ogallala Formation
unconformably overlie the White River Formation.
These late Tertiary rocks were probably also deposited
in the PRB, filling and overtopping the mountain
uplifts (as they were in other Wyoming basins and
in much of eastern Wyoming), but all evidence has



been removed. Regional uplift in the latter part of the
Tertiary brought about a new cycle of erosion, which
continues to excavate the basin and expose the moun-
tains today.

Stratigraphy

This section addresses the five major rock units that
crop out and are nearest the surface in the Powder
River Basin: the three uppermost Cretaceous forma-
tions (the Bearpaw/Pierre/Lewis shale, Fox Hills
Sandstone, and Lance Formation); the Paleocene
Fort Union Formation; and the Eocene Wasatch
Formation. We modified previous descriptions of
these units by WSGS authors (Lyman et al., 2003;
De Bruin et al., 2003; Ver Ploeg et al., 2003; Jones et
al., 2003) to reflect additional data from the southern
PRB. The stratigraphic section below and above these
five units is shown on the stratigraphic chart (Figure
1-3), and is described in Chapter 3 of this report and
in the detailed explanations of stratigraphic units
shown on the geologic map (Plate 1).

Pierre/BearpawlLewis Shale

‘The name Pierre Shale applies to an Upper Creta-
ceous unit that crops out in Crook, Weston, and
Niobrara counties. In the PRB, the Pierre Shale
consists of gray shale and lesser amounts of silt-
stone, sandstone, and bentonite, all deposited in
offshore marine environments. The Pierre Shale is
conformably overlain by the Fox Hills Sandstone

and conformably overlies the Niobrara Formation
(Merewether, 1996). The Bearpaw Shale in the north-
western PRB correlates with the upper Pierre Shale in
the eastern PRB. Outcrops of the Bearpaw consist of
dark gray shale containing brownish gray, calcareous
concretions (Merewether, 1996). In the southwestern
PRB, the Bearpaw/upper Pierre (or Cody) Shale is
mapped as the Lewis Shale. The Mesaverde Forma-
tion lies below the Bearpaw and Lewis shales in the
western and southwestern PRB, and is equivalent to
the middle Pierre Shale to the east. Sandstones that
compose (and define) the Mesaverde thin out and
interfinger with the Pierre Shale from west to east
across the PRB. The contact between the Pierre/Bear-
paw/Lewis Shale and the overlying Fox Hills Sand-
stone typically separates a major underlying shaly
sequence from a major sandstone unit (see Type Log,
Figure 1-8). This contact is placed at the base of the
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lowest sandstone unit associated with the Fox Hills
sandstone sequence. In boreholes where the Fox Hills
consists of a coarsening-upward shoreline sandstone
sequence above a transition zone to shale, the contact
is placed at the base of the transition zone (Seeland et

al., 1993).

We constructed the Pierre/Bearpaw/Lewis structure
contour map (Figure 1-9) by picking the top of the
formation on geophysical logs and converting the
formation depth to elevation above sea level. We used
geophysical logs from the southernmost townships in
Montana and from the townships just south of the
mapped area to discern trends at the north and south
edges of the map. The Pierre/Bearpaw/Lewis crops
out on all basin margins except the extreme southern
tip of the PRB. The structure contour map shows
that the Pierre/Bearpaw/Lewis is relatively shallow at
the east edge of the basin, becomes much deeper near
the basin axis on the west side, and rises sharply west
of the basin axis on the flank of the Bighorn Moun-
tains. The Pierre/Bearpaw/Lewis generally measures
between 2,000 and 6,500 feet thick in the PRB
(Figure 1-10). The thickest section is located just
south of Buffalo, and the thinnest areas occur in the
northern and extreme southern PRB.

Fox Hills Sandstone

The Fox Hills Sandstone is an Upper Cretaceous,
massive, regressive marine sandstone that gener-

ally coarsens upward. There may be more than one
upward-coarsening sandstone unit separated by thin
marine shales in the Fox Hills Sandstone. These

thin shale units represent minor transgressions of
the Pierre seaway. The Fox Hills Sandstone overlies
the Upper Cretaceous Pierre/Bearpaw/Lewis Shale
and underlies the Upper Cretaceous, nonmarine
Lance Formation. The contact between the Fox Hills
and the Pierre/Bearpaw/Lewis typically separates a
major sandstone unit from a major underlying shaly
sequence (see Type Log, Figure 1-8). The contact

is placed at the base of the lowest sandstone unit
associated with the Fox Hills sandstone sequence.

In boreholes where the Fox Hills consists of a coars-
ening-upward shoreline sandstone sequence above a
transition zone to shale, the contact is placed at the
base of the transition zone (Seeland et al., 1993). The
Lance-Fox Hills contact is placed at an abrupt change
between massive sandstone in the Fox Hills and
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Figure 1-9. Structure contour map of the Pierre/Bearpaw/Lewis Shale, Powder River Basin study area, Wyoming. Eleva-
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overlying mudstone in the Lance Formation (Seeland

etal., 1993).

We constructed the Fox Hills structure contour map
by picking the top of the formation on geophysical
logs and converting the formation depth to eleva-
tion above sea level. We also used geophysical logs
from the township south of the study area and from
the southernmost township in Montana to discern
trends at the south and north edges of the maps. The
structure contour map (Figure 1-11) shows that the
Fox Hills lies at fairly shallow depth on the east edge
of the basin, is much deeper near the basin axis, and
turns sharply upward farther west on the flank of the
Bighorn Mountains. We constructed an isopach map
of the Fox Hills Sandstone (Figure 1-12) by picking
the top of the Fox Hills and the top of the Pierre/
Bearpaw/Lewis Shale in 826 geophysical logs and
calculating the thickness of the Fox Hills as the dif-
ference in their depths. The isopach map shows that
the Fox Hills varies from less than 60 feet thick to
300 feet thick. Many of the thicker areas of the Fox
Hills (Figure 1-12, Tps. 43 and 44 N., Rs. 74 and
75 W. and the area around T. 49 N., Rs. 69 to 71

W. and Tps. 50 and 51 N., R. 69 W. east of Gillette)
contain more than one coarsening-upward sandstone
sequence, a fairly thick transition zone above the

Pierre/Bearpaw/Lewis Shale, or both.

Lance Formation

The Lance Formation consists of uppermost Creta-
ceous sequences of sandy, fluvial channel deposits
and finer-grained interfluve deposits, all overlying
and intertonguing with the marginal marine Upper
Cretaceous Fox Hills Sandstone. The Paleocene Fort
Union Formation overlies the Lance Formation. The
Lance/Fox Hills contact is placed at an abrupt change
between massive sandstone in the Fox Hills, generally
showing as coarsening upward on geophysical logs
(see Type Log, Figure 1-8), and overlying mudstone
in the Lance Formation (Seeland et al., 1993). The
Lance Formation generally contains sandstone beds
of intermediate thickness that are locally either some-
what regularly spaced or concentrated in the lower
part of the formation. The Lance may also contain a
few thin coal beds. The Fort Union/Lance boundary
is placed at the change from alternating thin sands
and shales in the lower member of the Fort Union to
alternating medium to thick sandstones and shales
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in the Lance (Connor, 1992). The pattern of the
resistivity log for the Lance is finely serrate: it never
reaches the shale baseline of the units above it in
members of the Fort Union, or below it in the Pierre/
Bearpaw/Lewis Shale. The Lance has a “normal” flu-
vial log pattern for alternating sandstones and shales,
with the fluvial sandstones fining upward.

We constructed the Lance structure contour map
(Figure 1-13) by picking the top of the formation
on geophysical logs and converting the formation
depth to elevation above sea level. We used geo-
physical logs from the southernmost townships in
Montana and from the townships just south of the
study area to discern trends at the north and south
edges of the map. The structure contour map shows
that the Lance, like the Fox Hills, lies at relatively
shallow depth on the east edge of the basin, is much
deeper near the basin axis, and turns sharply upward
farther west on the flank of the Bighorn Mountains.
We constructed an isopach map of the Lance Forma-
tion (Figure 1-14) by picking the tops of the Lance
Formation and the Fox Hills Sandstone on 826 geo-
physical logs, and then calculating the thickness of
the Lance Formation as the difference in their depths.
The isopach map shows that the Lance varies from
about 700 feet thick in the north to more than 3,200
feet thick in the extreme southwestern PRB: the
formation thickens from north to south, but gener-
ally shows little change in thickness from east to west.
This thickening to the south suggests that the south-
ern PRB subsided more rapidly than the northern
part of the basin, or possibly that subsidence in the
south lasted longer. Connor (1992) suggested that
streams transported sediments that became the Lance
Formation eastward from an uplifted area near the
Beartooth Mountains, and across the present Powder
River Basin toward the Late Cretaceous Cannonball
Sea (Figure 1-15).

Fort Union Formation

The early Tertiary (Paleocene) Fort Union Formation
consists of three members: from bottom to top the
Tullock Member, the Lebo Shale Member, and the
Tongue River Member. The Eocene Wasatch Forma-
tion overlies the Fort Union: the contact is a minor
unconformity along most of the lateral margins of the
basin, and is generally considered conformable in the
central basin. The Fort Union overlies the Upper Cre-
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Figure 1-11. Structure contour map of the Fox Hills Sandstone, Powder River Basin, Wyoming. Elevations are shown in
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taceous, nonmarine Lance Formation conformably in
the east and unconformably in the west. The Lance/
Fort Union contact is the boundary (designated K-T)
between the Cretaceous Period and the Tertiary. The
contact is marked by high concentrations of iridium
in a very thin layer of ash and shocked quartz depos-
ited as fallout from the impact of a meteorite that
struck the Earth near Mexico's Yucatan Penninsula.

The Fort Union structure contour map (Figure
1-16) is based on relationships between coals in the
upper Fort Union and lower Wasatch formations
(e.g., the Felix coal bed lies approximately 275 feet
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above the base of the Wasatch ), because the Fort
Union/Wasatch contact cannot be reliably picked
from geophysical logs. The structure contours depict
only those areas where the Fort Union is overlain

by the Wasatch Formation; elsewhere, erosion has
removed the top of the Fort Union along with all of
the Wasatch. Similarly, the isopach map of the Fort
Union (Figure 1-17) outside the areas where it is
overlain by the Wasatch represents the present, or
remaining, thickness after erosion. The Fort Union is
thickest (probably more than 5000 feet thick) in the
deepest part of the PRB, directly east of the highest
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Figure 1-16. Structure contour map of the Fort Union Formation, Powder River Basin, Wyoming. Elevations are shown
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Figure 1-17. Isopach map of the Fort Union Formation, Powder River Basin, Wyoming. The contour interval is 200 feet.
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area in the Bighorn uplift, and the formation thins
gradually to the east.

The lowest member of the Fort Union, the Tullock
Member, consists of brown, iron-stained sandstone
ledges interbedded with siltstones and shales. Its
thickness ranges from 500 feet in the northeastern
PRB of Wyoming to 1,440 feet in the southeastern
PRB (J.L. Brown, 1993). The middle Lebo Shale
Member, which ranges in thickness from 500 feet in
the northwestern PRB of Montana and Wyoming
to 1,700 feet in the southwestern PRB (Law, 1975),
consists of gray shales interbedded with fine-grained
gray siltstones and claystones. Carbonaceous shales,
sandstones, and coals compose the upper Tongue
River Member.

Some coal beds in the Tongue River Member measure
more than 200 feet thick. Most of the coal is subbi-
tuminous C in rank (as-received hear values becween
8,300 and 9,500 Btu per pound on a moisture- and
ash-free (MAF) basis). Some lignite is present on the
periphery of the basin. Drill-hole data (geophysical
logs) are the basis for delineating a number of coal
zones, especially in the Tongue River Member, that
contain thick, laterally extensive coal beds. Chapter 2
of this report describes these coal zones and the coal
beds within them. Because of the complex nature of
fluvial-dominated deposition in the basin, as well as
the microtectonic regime that controlled local sub-
sidence and uplift, the Tongue River coal beds vary
unpredictably in thickness and configuration: they
thicken and thin, split and merge, terminate abruptly
or wedge out gradually.

'The Wyodak coal zone in the Tongue River Member
is the most economically important coal deposit in
the United States for its exploitable resources — coal
from this deposit fuels approximately 35% of the
nation’s coal-fired electrical generation. The Tongue
River Member also contains most of the recoverable
coalbed natural gas resources in the Wyoming PRB,
currently estimated at 25.2 trillion cubic feet (De
Bruin et al., 2001).
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Wasatch Formation

The Eocene Wasatch Formation is divided into two
members along the far western edge of the basin. The
Kingsbury Conglomerate and the overlying Moncrief
Member are alluvial fan deposits that originated in
the emerging Bighorn Mountians. The Kingsbury
contains Paleozoic clasts interbedded with drab
sandstone and variegated claystone. The Moncrief
contains Precambrian clasts interbedded with drab
sandstone and claystone. East of the Kingsbury and
Mongcrief, the Wasatch is undivided and consists of
tan to light gray, fine-grained sandstones; shales; and
lenses of conglomeratic sandstone. In some places, a
marker bed of coquina limestone or of conglomeratic
sandstone marks the contact between the Wasatch
and the Fort Union (Hose, 1955). The Wasatch hosts
numerous coal beds, including the thickest coal bed
in the United States: the 250-foot-thick Lake DeSmet
coal bed near Buffalo (Glass and Jones, 1992). The
Wasatch crops out at the surface throughout most

of the PRB. Therefore, reported thicknesses are not
original depositional thicknesses, as the formation has
eroded. The Wasatch currently measures more than
2,000 feet thick in the central PRB and 1,500 feet
thick in the northern PRB (Lillegraven, 1993).

Tschudy (1976) and Pocknall (1987) presented

the Fort Union/Wasatch contact as problematic.

Not only can the contact not be picked reliably on
geophysical logs, it has to be conventionally placed in
field studies: the rocks are generally not distinguish-
able in the field, and the contact is mapped as transi-
tional. They cite palynological evidence they believe
indicates a latest Paleocene age for all or part of the
lowermost Wasatch Formation in places.



APPENDIX 1A

Compilation of the geologic map of the Wyoming
Powder River Basin, Plate 1

To compile Plate 1-1, we combined and reduced the following 16 WSGS 1:100,000-scale 30" x 60" geologic
quadrangles (Figure A1-1): Devils Tower (Sutherland, 2007b), Sundance (Sutherland, 2007a), Newcastle
(McLaughlin and Ver Ploeg, 2006), Lance Creek (Micale, Gregory, and Johnson, in preparation), Lusk
(Stafford and McLaughlin, in preparation), Recluse (Hallberg et al., 2002), Gillette (Boyd and Ver Ploeg,
1999), Reno Junction (Ver Ploeg and Boyd, 2004b), Bill (Gregory and Micale, 2007), Douglas (McLaughlin
and Ver Ploeg, 2007), Sheridan (Ver Ploeg and Boyd, 2005), Buffalo (Ver Ploeg and Boyd, 2004a), Kaycee
(Ver Ploeg and Boyd, 2004c), Midwest (Wittke, 2007), Casper (Hunter, Ver Ploeg, and Boyd, 2005), and
Burgess Junction quadrangles (Ver Ploeg and Boyd, 2003).
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CHAPTER 2

Nick R. Jones

History of PRB coal be depiction

In 1907, the United States Geological Survey
(USGS) began examining the coal fields in the west-
ern states for the purpose of classifying public lands.
The Powder River Basin (PRB) lies in the Northern

Great Plains Coal Province (Figure 2-1).
Early geological field work in the PRB was conducted

to determine the acreage of land underlain by min-
able coal. The USGS did preliminary field mapping
and developed preliminary coal bed nomenclature

in the Powder River Basin between 1907 and 1912.
Later surveys in 1915, 1924, and 1948-49, and
publications in 1927, 1928, and 1957 completed the
preliminary USGS assessment of coal resources in the
basin.

The first surveys began in 1907 — one in the Sheridan
area, led by J.A. Taff (1909), another at the southern
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end of the basin between Douglas and Casper, led

by E.W. Shaw (1909) and C.T. Lupton. In 1908, a
third survey led by H.S. Gale and C.H. Wegemann
(1910) examined coal beds near Buffalo and Trabing.
A fourth, by R.W. Stone and C.T. Lupton (1910) un-
der Taff’s supervision, surveyed the area that would be
named the Powder River coal field (Figure 2-1). Dur-
ing 1910, A.R. Schultz directed V.H. Barnett’s initial
field mapping of the Gillette coal field; later in 1911,
E.G. Woodruff directed the conclusion of Barnett’s
survey (Dobbin and Barnett, 1927). During 1909
and 1910, Wegemann (1912, 1913) did field work in
the Sussex and Barber coal fields. In 1910, J.A. Davis
(1912) surveyed the Little Powder River coal field,
and D.E. Winchester (1912), under Schultzs supervi-
sion, surveyed the Lost Spring field. The culmination
of this early work defined the geology, stratigraphy,
and lithology of the Tertiary coal-bearing rock
sequences in the PRB. In 1924, C.E. Dobbin and
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Figure 2-1. Index map, Wyoming Powder River Basin, and the eleven coal fields first delineated
by USGS geologists, with field boundaries “revised so that the entire basinal area is included

in one or another fields” (Glass, 1976, p. 209). The Dry Cheyenne was originally part of the
Pumpkin Buttes coal field (Wegemann, Howel, and Dobbin, 1928). Coal field name, principal
investigators, dates of field work, and USGS Bulletin number describe each field.
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V.H. Barnett (1927) did additional field work in the
Gillette coal field. Wegemann in 1915 and Dobbin
again in 1924 examined the Pumpkin Buttes field
(Wegemann, Howell, and Dobbin, 1928) — divided
later into the Pumpkin Buttes and Dry Cheyenne
coal fields (Berryhill et al., 1950, p. 14). W.W. Olive’s
(1957) report on the Spotted Horse coal field, based
on his field work in 1948-49, rounded out the USGS

preliminary assessment of the coal resources in the
Powder River Basin.

USGS field work from 1907 to 1911 placed this
Tertiary sequence of coal-bearing rocks in the Eocene
Fort Union Formation. During the earliest geologic
surveys, Taff divided the Fort Union into a lower
Lebo Shale member and an upper Tongue River
member on the basis of lithologic characteristics. His
discernment of coal-bearing intervals influenced our
use of coal zones in this report. Taff (1909) described
the Lebo Shale member of the Fort Union as a thick
sequence of dull-drab, blue-grey to brown shales and
the Tongue River member as a blue-grey to brown
sequence of shales, coals, and sands. He divided

Table 2-1. Coal groups and associated coal bed nomen-
clature, Tongue River member, Fort Union Formation,
western Powder River Basin (circa 1910).

Tongue River member

Ulm coal group
Walters coal bed
Healy/Lower Ulm coal bed
Dry Creek coal bed

Intermediate coal group
Felix coal bed
Arvada coal bed
Fossil shell bed
Roland coal bed

Tongue River coal group
Smith coal bed
Dietz No. 1 coal bed
Dietz No. 2 coal bed
Dietz No. 3 coal bed
Blue shale
Monarch coal bed
Carney coal bed
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the Tongue River member into three coal-bearing
intervals, from bottom to top the Tongue River coal
group, the Intermediate coal group, and the Ulm coal
group (Table 2-1).

C.E. Dobbin conducted the first comprehensive
review and revision of the earlier field work in the
basin in 1924. In 1927, Dobbin and V.H. Barnett
published a detailed report on the Gillette coal field,
based on the 1910 and 1911 field work by Barnett
(Dobbin and Barnett, 1928). Under Dobbin’s revi-
sions of basin stratigraphy, the uppermost part of
the Fort Union Formation was renamed the Wasatch
Formation. The use of Wasatch was initially con-
troversial, but work by Wegemann (1917) based on
fossil evidence validated that assignment (Table 2-2).

Coal stratigraphy in the Gillette coal field according
to Dobbin and Barnett defined principal coal beds in
the Wasatch Formation, minor coal beds in both the
Tongue River Member and Lebo Shale Member of
the Fort Union Formation, and thin lenticular coal

beds in the lower part of the Tullock Member and

Toble 2-2. Eastern Powder River Basin stratigraphy
~ circa 1927).

Eocene

Wasatch Formation
Fort Union Formation
Tongue River Member
Lebo Shale Member
Lance Formation
Tullock Member
Hell Creek Member



upper part of the basal Hell Creek Member of the
Lance Formation (Eocene). Under these revisions to
basin stratigraphy, the upper two coal intervals — (1)
Taff's (1909) Intermediate coal group with the excep-
tion of the Roland coal and (2) the Ulm coal group
— were placed in the Wasatch Formation. Within

the Fort Union Formation, Taffs Tongue River coal
group and the Lebo Shale were raised to the strati-
graphic rank of Member (Table 2-3).

J.D. Love and others did field work along the eastern
flank of the Bighorn Mountains from 1950 to 1952

Table 2-3. Coal groups and associated coal bed nomen-
clature, eastern Powder River Basin (circa 1927).

Wasatch Formation
A
B (Felix coal bed)
C
Fort Union Formation
Tongue River Member
D (Roland coal bed)
E
F
Lebo Shale Member
G

zZ Zz oo R — = om

Lance Formation

Tullock Member
(©)
P
P
Q

Hell Creek Member
R
S

that resulted in two revisions to the stratigraphy of
the Wasatch Formation. First: the Wasatch Forma-
tion was divided into two members, a lower Kings-
bury Conglomerate Member and an upper Moncrief
Member, along the western margin of the basin; east
of the western margin the Wasatch Formation re-
mained undivided. Second: on the basis of both fossil
evidence and extensive field mapping, the Wasatch
Formation was placed in the Eocene Epoch and the
Fort Union Formation in the Paleocene Epoch of the
Tertiary Period. The Lance was subsequently placed
in the uppermost Cretaceous Period.

During 1949 and 1950, W.J. Mapel conducted field
work in the Lake De Smet area (Mapel et al., 1953;
Mapel, 1954). Mapel’s 1954 report outlined the coal
stratigraphy within the upper part of the Wasatch
Formation, and described conglomeritic units within
the upper member of the Fort Union Formation and
the two overlying members of the Wasatch Forma-
tion. To outline the coal stratigraphy in the Wasatch
Formation, Mapel used Wegemann’s (1912) nomen-
clature from the adjacent Sussex coal field, along with
local names of nearby domestic mines and geographic

features, for newly mapped coal beds (Table 2-4).

The final report by W.W. Olive (1957) on the Spot-
ted Horse coal field concluded all preliminary work
by the USGS on coal fields in the Powder River
Basin. Olive’s report contains the earliest published
basin-scale fence diagram — a depiction of the subsur-

Table 2-4. Coal bed nomenclature, Lake De Smet area,
western Powder River Basin (circa 1954).

Wasatch Formation
Local coal bed
Walters coal bed
Healy coal bed
Local coal bed
Upper Cameron coal bed
Lower Cameron coal bed
Murray coal bed
Local coal bed
Local coal bed
Upper Ucross coal bed
Middle Ucross coal bed

Lower Ucross coal bed
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face extent of principal coal beds (Figure 2-2) — and
a coal nomenclature and correlation diagram (Figure

2-3).

In summary, between 1907 and 1957, USGS geolo-
gists published more than twelve reports discussing
the coal geology of the Powder River Basin. The first
few of these reports outlined the initial distribution,
lithological characteristics, quality, and quantity of
Tertiary coal beds within the basin. Later reports con-
tained revisions to both the overall stratigraphy and
correlation of coal beds: distinction of new members
within formations; incorporation of new forma-
tions; reassignment of geologic age; and recognition,
re-correlation, and mapping of additional coal beds.
These changes resulted from geologic data gathered
over the years during additional field work, the drill-
ing of water wells, and ongoing exploration for coal
and oil resources.

During the 1970s, a new generation of geologists
began evaluating and correlating coal beds in the
Powder River Basin. In 1973, N.M. Denson, W.R.
Keefer, and G.H. Horn published a fence diagram
showing subsurface coal correlations in the Gillette
area. In 1977, S.L. Grazis published a report covering
four contiguous quadrangles in Campbell County

in the area around Caballo Creek, south of Gillette.
This report was part of a USGS project to classify
and evaluate coal resources on federal lands. Grazis
designated four coal zones and three subzones in the
eastern Powder River Basin. The three subzones are
in the Wyodak coal zone and are defined W1, W2,
and W3. Within these zones, Grazis incorporated the
nomenclature and coal bed designations of Dobbin
(1928), and compared them with those of Denson,
Keefer, and Horn (1973) in a generalized columnar
section (Table 2-5).

The coal known as the Wyodak received its name
from the Wyodak coal mine, which opened in 1925.
This uppermost coal in the Fort Union has been vari-
ously named: Table 2-5 shows Grazis” designation of
Wyodak, and Denson’s designation of Canyon. This
set of coal beds equates with Taffs Roland coal bed
(reassigned to the Fort Union by Dobbin) and with
the D coal bed designated by Dobbin and Barnett in
1927 (Table 2-3). This difference in nomenclature
for a coal bed used to indicate the contact between
upper Eocene and lower Paleocene strata is problem-
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atic. A quote from Grazis (1977), “...correlation of
the Wyodak coal bed with beds outside the Gillette
area is problematical,” illustrates a growing awareness
of the correlative complexity of Tertiary coal beds

in the Powder River Basin. Although workers in the
1970s had access to more bore-hole data, they could
not resolve the vertical and lateral distribution of coal
beds due to insufficient data distribution and density.
Because of the similarity between lower Wasatch and
upper Fort Union strata, discrimination between
them remained uncertain.

The development of Wyoming’s coal industry in

the Powder River Basin accelerated during the
mid-1970s. Because most of the coal in the basin is
federally owned, the USGS contracted with Intrase-
arch, Inc., a private consulting group, to conduct

an extensive coal resource assessment in the Powder
River Basin, and assessments in the Hanna, Carbon,
Rawlins/Atlantic Rim, Green River, and Hams Fork
coal fields. The purpose of the assessments was to
determine the location, acreage, and tonnage of min-
able unleased federal coal resources in known recover-
able coal resource areas in the western United States.

The USGS published 233 Coal resource, occurrence
and coal development potential open-file reports
between 1977 and 1980 for coal-bearing regions

of Wyoming. Of these reports, 136 pertain to coal
lands within the Powder River Basin (Martin, 1977;
Intrasearch Inc., 1978a-c, 1979a-n). Each report con-
sists of an inventory of plates (1:24,000 quadrangle
maps, charts, correlations, and columnar sections), a
brief discussion of the geologic history of the basin,
discussion of geographic and social aspects of the
particular quadrangle, and accompanying structure,
isopach, delineated minable acreages, and surficial
maps showing coal outcrops, clinker beds, and refer-
enced bore-holes.

This coal correlation work by the USGS and Intrase-
arch Inc. in the Powder River Basin was based mainly
on the previous work of Taff (1909), Stone and
Lupton (1910), Dobbin and Barnett (1928), Baker
(1929), Bass (1932), Olive (1957), and Denson et

al. (1973). Intrasearch Inc. identified and informally
named three coal beds within the lower part of the
Tongue River Member of the Fort Union Formation
— the Wildcat, Moyer, and Oedekoven beds. Due to
the depths at which these coal beds occur, Intrasearch
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Table 2-5. Comparative coal stratigraphy of Grazis (1977) and Denson et al. (1973).

Grazis, 1977 (from Dobbin)
Wasatch Formation
1. Upper Wasatch coal zone
A coal bed
Lower Ulm coal bed
Scott coal bed
II. Middle Wasatch coal zone
F(1) coal bed
Felix coal bed
F(2) coal bed
I Lower Wasatch coal zone
C" coal bed
C' coal bed
C coal bed
Fort Union Formation
1V, Wyodak coal zone
Wyodak coal bed
(W1, W2, W3)
Lower Tongue River coals
M coal bed
N coal bed
P coal bed
Q coal bed
R coal bed
S coal bed
T coal bed
U coal bed
V coal bed
X coal bed

Inc. placed the three coal beds in an informal “lower
coal zone”.

Many discrepancies in the correlation of coal beds
and their placement within formations exist among
the 136 open-file reports pertaining to the Powder
River Basin. Significant discrepancies exist even
between adjacent report areas, such as inconsistent
placement of coal beds in geologic formations and
inconsistent naming of coal beds. To illustrate this
problem, we compare Intrasearch Inc.’s lithostrati-
graphic columns representative of selected quadran-
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Denson et al., 1973 (from Dobbin)

Felix

Local
Smith
Anderson

Canyon

Upper Cook
Lower Cook
Local
Wall

Upper Pawnee

Lower Pawnee

Cache

gles. Figure 2-4 compares the coal stratigraphy from
eighteen of the reports along a north-to-south cross
section.

Figure 2-4 shows a major discrepancy that begins

in the southern part of the basin where the Smith is
placed in the lower part of the Wasatch Formation
and the Anderson is placed at the top of the Fort
Union Formation (Figure 2-4, logs 17 and 16); a
little farther north, the Anderson and Smith coal beds
are both positioned in the upper part of the Wasatch
Formation (log 15). Even farther north, the Smith
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coal bed is placed within the uppermost Fort Union
Formation (log 8). Other discrepancies, perhaps is-
sues of local nomenclature, occur where coal beds at
similar stratigraphic intervals in adjacent reports are
given different names. For example, on log 6, the up-
permost Eocene coal is called the Felix, but on log 5
the coal at that interval is named the Arvada.

Correlative work in the PRB continued throughout
the 1970s and 1980s. Major contributions to the ad-
vancement of consistent coal bed nomenclature and
correlation include the publications of D.R. Haddock
(1976), G.B. Glass (1976), S.L. Grazis (1977), B.H.
Kent (1977;1986), B.E. Law (1978), N.M. Denson
et al. (1978a,b), R.M. Flores (1981), G.H. Wood
(1983), and W.B. Ayers (1986) and their co-authors.
For the late 1980s and early 1990s, the consensus

on the geographic and stratigraphic distribution and
conventional coal bed nomenclature in the basin is
represented in the fence diagram of Glass and Jones

(1992) (Figure 2-5).

First published in 1976, Glass’ correlative fence dia-
gram was compiled and modified by the WSGS from
published USGS reports and open-file reports. It

was later modified to include the Lake De Smet coal
(Figure 2-10, F-B), (Glass, 1982) and the Big George
coal (H-B, F-B), (Glass and Jones, 1992).

Revised PRB coal depiction

Identification during the late 1970s of a potentially
rich unconventional gas resource in coal seams
evolved into a prominent national energy industry.
The discovery of coalbed natural gas (CBNG — also
called coalbed methane, CBM) in the PRB resulted
in increased energy development and drilling, begin-
ning in 1987. Ten years later, 440 CBNG wells had
been drilled. By the end of 2007, the basin had more
than 25,000 CBNG wells.

Northern Powder River Basin Project

In 2003, the Wyoming State Geological Survey
(WSGS) — in conjunction with the Wyoming Water
Resource Data System (WRDS), Wyoming Oil and
Gas Conservation Commission (WOGCC), Wyo-
ming State Engineer's Office (WSEO), Wyoming
Geographic Information Science Center, Wyoming
Department of Environmental Quality (DEQ),

and USGS Water Resources Division — completed a
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project titled Interactive geologic, hydrologic, and water
quality database and model for the northern Powder
River Basin (PRB). The Wyoming Water Develop-
ment Commission funded the two-year project. The
project related water quality analyses from water, oil,
gas, and CBNG wells to specific coal beds or geo-
logic formations so that developers, water users, and
regulators could better estimate the quality of water
before it is produced.

The model used purchased geophysical well data from
more than 6,000 oil, gas, and CBNG wells. Coal cor-
telations by Goolsby, Finley & Associates of Casper,
as modified by the WSGS, were used to generate the
subsurface coal model.

We modeled coal beds 10 feet thick or thicker in the
northern part of the basin, north of the 12% Standard
Parallel North. We based coal bed names on current
USGS coal stratigraphic nomenclature. Correlation
of coal beds was based on Goolsby, Finley & Associ-
ates’ interpretation (Table 2-6).

Southern Powder River Basin Project

In 2005, the WSGS — in conjunction with the
WOGCC, WSEO, DEQ, and USGS Water Resourc-
es Division — began work on a similar model for the
southern Powder River Basin. The project took three
years and was also funded by the Wyoming Water

Development Commission.

In the fall of 2004, we began collecting coal-occur-
rence data from geophysical well logs for two purpos-
es: to create a coal-occurrence database for a coopera-
tive National Coal Resource Data System (NCRDS)
program funded by the USGS; and to develop a
database for a coal correlation and water-quality
model in the southern Powder River Basin funded by
the Wyoming Water Development Commission.

To clarify uncertainties about the subsurface distribu-
tion of coal beds in the southern PRB, we used no
thickness criteria during data collection: all detectable
coal-type lithologies from geophysical well logs were
collected.

During preliminary correlations of coal beds, we
noted discrepancies in coal bed correlation across
the boundary between the northern project area and
the southern project area, the 12* Standard Parallel
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Table 2-6. Powder River Basin coal stratigraphy (2003).

Wasatch Formation

Lower Ulm

Lake De Smet Coal Zone (western PRB)
Buffalo Cameron
Murray
Ucross

Felix Coal Zone
Bull Creek
Felix
Dot

Fort Union Formation

Whodak Rider Coal Zone
Roland of Baker
Roland of Taff
Smith

Upper Wyodak Coal Zone
Anderson
Dietz 2 (northwestern PRB)
Lower Anderson
Canyon
Dietz 3 (northwestern PRB)

Lower Wyodak Coal Zone
Monarch (northwestern PRB)
Cook
Gates
Wall B
Wall C
Wall
Wall D
Carney (northwestern PRB)
Pawnee
Lower Pawnee

Knobloch Coal Zone
Moyer
Lower Moyer

Sawyer Coal Zone
Zed
Dannar

Basal Tongue River Coal Zone
Terret
Burley

Broadus
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North. This required a review of the northern project
area correlations. Unfortunately, the thickness criteria
used for data collected in the northern area made

it impossible to correlate all detectable coal beds in
the south with the selected coal beds in the north.
Consequently, we reviewed and reinterpreted 2,743
available well logs in the north to incorporare all
detectable coal beds, regardless of thickness.

We gathered coal occurrence data for the entire basin
from well logs at the WSGS. This work produced

a coal occurrence database of 49,859 coal tops and
bases from 8,659 well logs, including 3,536 coal tops
and bases from the 2,743 reinterpreted northern
PRB well logs. The whole data set used for the 2003
coal correlation model in the northern Powder River
Basin contained 6,535 wells with 21,831 coal tops
aﬂd baSCS.

From this database, we selected a subset of 4,158 well
logs containing 25,409 coal tops and bases for corre-
lating the coal beds in the Powder River Basin. Using
a subset of the data allowed us to incorporate wells
with associated water-quality data and to develop
evenly distributed representative well data over the
basin. Figure 2-6 shows the distribution of well data
for both the 2003 northern correlation model and
the 2007 basin-wide correlation model.

We used Rockworks™ software to correlate the coal
beds. The correlation was completed in December
2007. We used the software to generate columnar
representations of coal-type lithology in selected wells
for display in cross section. Due to the large num-
ber of detectable coal beds of varying thickness, we
developed an arbitrary numerical nomenclature for
purposes of correlation; use of the numerical scheme
allowed definition of individual coal beds where con-
ventional coal bed nomenclature did not apply. Table
2-7 shows the USGS coal bed names associated with
our revised numerical designations. We adjusted coal
zone boundaries to isolate vertically related coal beds
in clearly defined stratigraphic intervals.

Coal zones

We offer a new interpretation of coal bed correlation
that redefines the subsurface distribution of coal beds
in the Powder River Basin. Changes to subsurface
discribution and coal bed correlation were based
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on abundant and accessible bore-hole data. These
changes include a new delineation of coal zones, re-
correlation and remapping of the subsurface distribu-
tion of coal beds, and revised hypotherical resource

assessments.

What is a coal zone?

The concept of coal zones originated with Taffs
(1907) division of his Tongue River member of the
Fort Union Formartion into three coal-bearing strati-
graphic intervals he called coal groups (see Table 2-1,
page 47). As revised recently, USGS Circular 891,
Coal resource classification system of the U.S. Geological
Survey, defines coal zone as a “series of laterally exten-
sive and (or) lenticular coal beds and associated strata
that arbitrarily can be viewed as a unit” (Wood et al.,
1983, p.8). (USGS Bulletin 1450, the 1975 predeces-
sor of Circular 891, does not mention coal zones.)
Between 1975 and 1983, Grazis (1977) and Denson
et al. (1978a,b) used the concept of coal subzones
and coal zones to locally describe two major coal beds
— the Anderson and Canyon — that coalesce to form
the Wyodak coal in the eastern PRB.

We define a coal zone as a litho-stratigraphic section
that contains a recognizable sequence of coal beds
across a series of well logs. We use the coal zones to
cleatly group individual coal beds within a particular
stratigraphic sequence. A coal zone is not an iden-
tifiable horizon on well logs; rather, it represents a
stratigraphic interval containing a suite of coal beds
that vary in thickness, are interrelated by stratigraphic
proximity, and may merge into or split apart from a
single coal bed. Thick coal beds are known to split
out into several thinner beds, abruptly terminate,
and contain lenses of clastic sediments. These charac-
teristics make it difficult to trace out and accurately
define an individual subsurface coal horizon over a
large area. The use of coal zones solves this problem,
simplifying the spatial analysis by grouping each
sequence of related beds into an appropriate strati-
graphic interval. By convention, coal beds may split
and coalesce within a coal zone, but not between coal

zones.

Coal zones in the PRB and their resources

For this report, in order to distinguish and evalu-
ate sequences of coal beds for the entire basin, we
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Table 2-7. Arbitrary coal designations as related to conventional coal nomenclacure.

Formation Order Code Coal bed name Coal Zone
1 t3 Ulm
2 t4 Buffalo Cameron
3 t5 Murray Lake De Smet Upper Wasarch
4 tSa Ucross
Wasatch 5 t6a Felix Rider
6 t6 Upper Felix Felix
7 t7 Felix
8 t7b Arvada
9 t8a unnamed Lower Wasatch
10 8 Upper Roland
11 9 Roland of Baker Roland
12 t10 Roland of Taff
13 tlla Smith Rider
14 tll Smith/Big George Wyodak Rider
15 t12 Lower Smith
16 tl4 Anderson Rider
17 tl5 Anderson Upper Wyodak
Fort Union 18 tl5a Lower Anderson
19 t16r Canyon Rider
Lower Wyodak
20 tl6 Canyon
21 tl7 Cook
22 t18 Lower Cook Knoblock
23 t19 Wall
24 20 Lower Wall Sawyer
25 21 Pawnee
26 122 Moyer Basal Tongue River

define ten contiguous coal zones, from top to bottom
the Upper Wasatch, Felix, Lower Wasatch, Roland,
Wyodak Rider, Upper Wyodak, Lower Wyodak,
Knobloch, Sawyer, and Basal Tongue River coal zones
(Table 2-8).

To assess coal resources in the basin, we used
ArcGIS™ geospatial software to plot tabular informa-
tion (well-log data) representative of coal extent and
thickness on digital maps. To assess each coalbed, we
determined the volume of coal more than 3 feet thick
in areas defined by outermost outcrop and arbitrary
subsurface boundaries approximately 6 miles beyond
the outermost well-log data points for that coalbed.

We used ArcGIS™ to calculate the thickness dis-
tribution over these areas on a 30- x 30-meter grid:
the coal thickness in each grid cell was computed
from the nearest 20 wells using the spline function
option in the Spatial Analyst extension of ArcGIS™
(basic minimum curvature technique or thin plate
interpolation). This spline function is a third-order
polynomial that interpolates values within a defined
region from multi-dimensional point data (x,y,z).
Each cell fell within a 10-foot thickness interval, but
the first interval truncated at 3 feet: 3—10 feet; 10-20
feet; 2030 feet; etc. Because well spacing (one well
per approximately 80 acres) is much greater than
the grid dimension (30 meters) — the nominal ratio
is about 19:1 — the computed coal thickness changes



Table 2-8. Revised coal zones in the Powder River Basin
(2007).

Wasatch Formation
Upper Wasatch Coal Zone
Felix Coal Zone
Lower Wasatch Coal Zone
Fort Union Formation
Roland Coal Zone
Wyodak Rider Coal Zone
Upper Wyodak Coal Zone
Lower Wyodak Coal Zone
Knobloch Coal Zone
Sawyer Coal Zone
Basal Tongue River Coal Zone

very little from cell to cell; this characteristic of the
interpolation, together with the map scale, causes the
stepped boundaries between thickness intervals to
plot as smooth isopachs (contour lines representing
equal thickness). To calculate the coal volume in a
coal bed, we used ArcGIS to compute the volume of
coal in each thickness interval, then summed these
volumes to give the volume of coal in the coal bed, as
follows.

For each 10-foot thickness interval 7 in a coalbed j,
we calculated the area A, in acres (i.e. summed the
grid cells in that thickness interval), the mean coal
thickness M T, in feet (i.e., averaged the thicknesses
of coal in those grid cells), and the product of these
components, the coal volume CV, in acre-feet:

CV,=A « MT,

Multiplying the coal volume CV, (acre-feet) by a
conversion factor (1,770 tons per acre-foot) gave tons

of coal TC, in thickness interval :
TC, = CV, 1,770,

and the sum .7 of tonnages TC, of all thickness
intervals 7 gave the hypothetlcal coal resources CR in
coalbed j, in tons of coal:

CR = TTC,

The sum 3}/ of all coalbed resource CR; gave the
hypothetlcal coal resource of the basin
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PRB hypothetical coal resource = X CR,

Individual coal zones and coal beds

This report defines three coal zones within the
Wasatch Formation in the PRB, from top to bottom
the Upper Wasatch, Felix, and Lower Wasatch coal
zones. Within the Fort Union Formation, we define
seven coal zones, from top to bottom the Roland,
Wyodak Rider, Upper Wyodak, Lower Wyodak,
Knoblock, Sawyer, and Basal Tongue River coal
zones. These ten coal zones order the 26 major coal
beds defined in this report. Table 2-9 contains sum-
mary information for each coal zone and coal bed.
Figure 2-7 shows the area in the PRB covered by the
26 coal bed distribution maps, Figure 2-7 through
Figure 2-32. On the coal bed distribution maps,
linear cutoffs of coal bed areas represent boundaries
of reliable data rather than coal bed boundaries. To
verify areas of no data, compare the coalbed distribu-
tion maps with Figure 2-6, which shows the distribu-
tion of wells. For example, see Figure 2-9, T. 50 N.,
R. 81 W.and T. 56 N., Rs. 80 and 81 W.

Wasatch Formation

Upper Wasatch Coal Zone

The Upper Wasatch Coal Zone contains many minor
coals, ranging in thickness from inches to several
hundred feet. We correlated and mapped four major
coal beds in the Wasatch for this report. The lower
three coals compose the Lake De Smet coal deposit.

The stratigraphically highest mappable coal in the
Upper Wasatch Coal Zone is the Ulm coal bed
(Figure 2-7). This coal lies at an average depth of
147 feet, and at a maximum depth of 548 feet in the
southern third of T. 54 N., R. 82 W. The Ulm was
measured in 41 wells, has an average thickness of 22
feet and a maximum thickness of 40 feet, underlies
87,684 acres, and contains approximately 4.1 billion
tons of coal. Most of the Ulm coal bed is located in
Sheridan County, and a very small part in north-cen-
tral Johnson County. The thickest mapped Ulm coal
is exposed in outcrop, and lies in south-central Sheri-
dan County. Outcrops of the coal occur 6 miles east
of Sheridan and along the western, eastern, northern,
and southern margins of the deposit. The coal bed
thins out in the subsurface in the eastern third of its
mapped extent near Tps. 54 and 55 N., Rs. 80 and
81 W., 6 miles west of U.S. Highway 16-14. In the



Table 2-9. Summary information for coal zones and coal beds.

. No. Milli
Formation Order Me!.mmum Af’emg" of Code Coal bed Coal Acres on
thickness thickness zone tons
wells
1 40 22 41 t3 Ulm 87,684 4,125
2 54 11 164 o4 Duffdo Yoo 468,400 12,416
Cameron Da g VZPP" ’/7 > ’
7
3 147 11 251 5 Murmy € omet WEE 766,503 13,123
4 212 18 377 t5a  UCross 814,184 19,736
Wasatch 5 25 4 431 6a Felix Rider 1,412,514 13,269
6 47 7 631 6 Upper Felix Felix 1,531,376 18,992
7 77 13 1,517 t7 Felix 2,103,350 40,391
8 75 14 431 b  Arvada Lower 904,397 21,899
9 45 7 485 t8a unnamed Wasatch 162,702 4,352
10 39 6 1,185 8 Upper Roland 402,998 11,121
11 93 10 2,849 9 Roland of Baker Roland 1,208,048 37,110
12 58 13 1,615 10 Roland of Taff 1,127,022 37,087
13 107 17 525 tlla  Smith Rider 668,384 26,400
14 216 38 2,311 111 Smith/Big George “;/'g’liiik 1,791,288 147,573
15 100 18 603 12 Lower Smith 1,703,440 37,848
16 52 13 382 114  Anderson Rider 1,032,257 29,952
17 208 47 2,856 115  Anderson Upper 3789227 225,800
Whodak
18 167 21 1,015 t15a Lower Anderson 2,998,382 97,312
Fort Union 19 38 10 270 tl6r Canyon Rider Lower 335146 9,114
20 205 25 1,131 <16 Canyon Wiodak 1,689,675 79,848
21 145 22 903 t17  Cook 1,788,301 76,430
Knoblock
22 38 9 172 tl8 Lower Cook 638,128 16,420
23 139 19 996 119 Wall 1,862,080 Cocal
24 58 11 494 120  Lower Wall Sawyer 3,177,455 54,701
25 50 11 586 121 Pawnee 1,097,580 30,996
Basal
26 45 13 374 22 Moyer Tongue 1,250,938 39,498
River
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southern part of the deposit, the bed crops out along
both sides of U.S. Highway 14 and extends south
into T. 53 N., R. 81 W. in Johnson County.

The other three coal beds in the Upper Wasatch Coal
Zone — the Buffalo Cameron, Murray, and Ucross
coal beds — compose the Lake De Smet coal deposit,
which lies along the western edge of the basin. Well
data indicate that the beds within the Lake De Smet
deposit constitute a single bed, with numerous thin
partings along the western margin, that splits into
several individual coal beds to the east. East of the
main body of the De Smet coal deposit, individual
beds either pinch out or have burned, creating red
clinker deposits of baked and fused rock. These clin-
ker beds crop out extensively over an area surround-
ing and east of Lake De Smet, east of Interstate 90
between Buffalo and Sheridan.

The uppermost coal of the Lake De Smet deposit is
the Buffalo Cameron coal bed (Figure 2-8). This coal
lies at an average depth of 159 feet, and at a maxi-
mum depth of 739 feet in Tps. 49 and 50 N., Rs.

81 and 82 W. The Buffalo Cameron was measured

in 164 wells, has an average thickness of 11 feet and
a maximum thickness of 54 feet, underlies 468,400
acres, and contains approximately 12.4 billion tons
of coal. This coal bed comprises two regions, one in
west-central Campbell County, the other in south-
western Sheridan and northwestern and central John-
son counties. The thickest mapped Buffalo Cameron
coal is located in Tps. 47-49 N., Rs. 78-80 W. and
in Tps. 50-54 N., Rs. 81 and 82 W/

The middle coal in the Lake De Smet deposit is the
Murray coal bed (Figure 2-9). This coal lies at an av-
erage depth of 204 feet, and at a maximum depth of
879 feet in Tps. 49 and 50 N., Rs 81 and 82 W. The
Murray was measured in 251 wells, has an average
thickness of 11 feet and a maximum thickness of 147
feet, underlies 766,503 acres, and contains approxi-
mately 13.1 billion tons of coal. The Murray coal bed
lies in the northern third of the basin in Campbell,
Sheridan, and Johnson counties. The thickest Mur-
ray coal lies in Johnson County near Buffalo in Tps.

49-53 N., Rs. 81 and 82 W.

The lowermost coal in the Upper Wasatch Coal Zone
and in the Lake De Smet coal deposit is the Ucross
coal bed (Figure 2-10). This coal lies at an average
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depth of 264 feet, and at a maximum depth of 923
feet in Tps. 49 and 50 N, Rs. 81 and 82 W. and in
the southeastern corner of T. 52 N., R. 83 W. The
Ucross was measured in 377 wells, has an average
thickness of 18 feet and a maximum thickness of 212
feet, underlies 814,184 acres, and contains approxi-
mately 19.7 billion tons of coal. The Ucross coal
deposit occupies west-central Campbell, southern
Sheridan, and northern Johnson counties. The thick-
est Ucross coal lies in northwestern Johnson County
and southern Sheridan County in Tps. 49-54 N., Rs.
80-83 W.

Felix Coal Zone

The Felix Coal Zone contains as many as six indi-
vidual coal beds, ranging in thickness from inches to
several feet. We correlated and mapped three major
coal beds in the Felix for this report.

The uppermost coal in the Felix Coal Zone is the
Felix Rider coal bed (Figure 2-11). This coal lies at
an average depth of 305 feet and a maximum depth
of 1,038 feet. The Felix Rider was measured in 431
wells, has an average thickness of 4 feet and a maxi-
mum thickness of 25 feet, underlies 1,412,514 acres,
and contains approximately 13.3 billion tons of coal.
The Felix Rider is thickest in southwestern Sheridan
and northwestern Johnson counties; thinner areas of
this coal occur in western Campbell, northern John-
son, and southeastern Sheridan counties.

The middle coal in the Felix Coal Zone is the Up-
per Felix coal bed (Figure 2-12). This coal lies at an
average depth of 346 feet, and at a maximum depth
of 1,092 feet in Tps. 48-50 N., Rs. 78 and 79 W.
The Upper Felix was measured in 631 wells, has an
average thickness of 7 feet and a maximum thickness
of 47 feet, underlies 1,531,376 acres, and contains
approximately 19.0 billion tons of coal. The main
body of the Upper Felix coal bed lies in west-central
Campbell and northeastern Johnson counties; thin-
ner areas of this coal were also mapped in central
Sheridan County. The thickest Upper Felix coal lies
in Campbell County east of Gillette in Tps. 47-52
N., Rs. 73-76 W., and just west and south of Wright
in Tps. 43 and 44 N., Rs. 72 and 73 W.

The lowermost and main coal in the Felix Coal Zone
is the Felix coal bed (Figure 2-13). This coal lies at an
average depth of 380 feet, and at a maximum depth
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Figure 2-7. Map of Ulm coal bed, Powder River Basin, Wyoming.




RS5W

RSIW

R76W

- 1-90'

331

R7IW

eridan ; . :

Ca

mplbe

/‘//\

14 )

335

T55N

61

1-90

16§

196

Jol

T45N

Wasatch Formation
Upper Wasatch Coal Zone

BUFFALO CAMERON COAL BED
Maximum Thickness = 54 feet
Average Thickness = 11 feet
Number of Wells = 164
Area = 468,400 acres

Hypothetical coal resources ~ 12,416 milllion tons

- Surface coal mine permit area

Subsurface extent of coal bed

:‘ Area of coal bed thickness greater than 10 feet
- Area of coal bed thickness greater than 15 feet
Precambrian

387

2!
Ny
/i

450

387y

T4ON

Conve

rse

R76W

R7TIW

10

20

30

40

Miles

Figure 2-8. Map of Buffalo Cameron coal bed, Powder River Basin, Wyoming.

64




v . R8IW ’ I :::, R7l\\\’
- ) J I Camppbell / \
eridan \ §h e r i dF n ' ) ]—\ ]
331 - R~
) 14 ; TSN o1 \L
335 \ j\
T Mohd |\ | | |
1-90 ‘
165 TE% , Tl =
5 %
ffa - — _. . 51 - T
N T ek Gill
- |$0: ] . i - s nk ! [ —
196 N~ ""9°-f:. ? )
R d
2 | SRR s 3 r
] Johnson I
191 ZEB Wight } {
192
(190 —

Wasatch Formation
Upper Wasatch Coal Zone
MURRAY COAL BED

Maximum Thickness = 147 feet
Average Thickness = 11 feet
Number of Wells = 251
Area = 766,503 acres

Hypothetical coal resources ~ 13,123 milllion tons

- Surface coal mine permit area

: Subsurface extent of coal bed

!: Area of coal bed thickness greater than 10 feet
- Avrea of coal bed thickness greater than 15 feet

" - .
f': -T-_"! Precambrian

“%{ 1 T\
r%\\ Convefrse
D
Miles /
0 5 10 20 30 40 /

Figure 2-9. Map of Murray coal bed, Powder River Basin, Wyoming.




had J :;:' R’l\\\' «
N Campbe.l[ \
[ :
e IS Shefidan )
331 e \
14 i
335 M\
1-90 ¥ —'
16 >
Buffalo ,;-. (5
i : f _ illet
A 190 Bg, G/|' E*‘Q:—
D'
196{ o 1-90 /
7
12
- < [Re
’ Johnson
191 _J ZEB \Migjt/
190 /{19?
450
Wasatch Formation J\&\ —

Upper Wasatch Coal Zone
UCROSS COAL BED
Maximum Thickness = 212 feet
' Average Thickness = 18 feet

Hypothetical coal resources ~ 19,736 milllion tons I'Y\Y

- Surface coal mine permit area

Subsurface extent of coal bed
|:] Area of coal bed thickness greater than 10 feet
- Area of coal bed thickness greater than 15 feet
Precambrian

Number of Wells = 377
Area = 814,184 acres

THON
Convelrse
N
R76W R7IW \
Miles
0 5 10 20 30 40

Figure 2-10. Map of Ucross coal bed, Powder River Basin, Wyoming.




RS

- RaIW R6W RIIW
| | TN ] | ] | V|
i I i I \‘
| {
L f | Campbell [| \
heridan ‘\sher’dan ) [_\
/331 N St
14 . ! 1
| N A
335 / N Y
4 : :.‘ A s D 59
v - I" |
-90 )5 i
i e, L3
AR 165 | |
r.:.~"‘n-.-4'.‘ Sy ¥ 3
B = af A : y 8 |
N b =
> /:.: .
(5 vl
/196 N
= - i
12 B
Y, e :
’ hnson' .
TN (
1191 LS008 | S8 -
{190 7192 Al .' r@q
LN 450
Wasatch Formation
Felix Coal Zone \
FELIX RIDER COAL BED
Maximum Thickness = 25 feet
Average Thickness = 4 feet 387§
Number of Wells = 431 T
Area = 1,412,514 acres
Hypothetical coal resources ~ 13,269 milllion tons  |*
~
K Lonverse &
- Surface coal mine permit area N
R76W R7IW \
Subsurface extent of coal bed
l:' Area of coal bed thickness greater than 10 feet
- Area of coal bed thickness greater than 15 feet
Miles
m Pracambrisn 0 5 10 20 30 40

67

Figure 2-11. Map of Felix Rider coal bed, Powder River Basin, Wyoming.
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Figure 2-13. Map of Felix coal bed, Powder River Basin, Wyoming.




of approximately 1,350 feetin T. 51 N., R. 81 W.
and in T, 43 N, R. 75 W. The Felix was measured in
1,517 wells, has an average thickness of 13 feet and a
maximum thickness of 77 feet, underlies 2,103,350
acres, and contains approximately 40.4 billion tons
of coal. The main body and thickest part of the Felix
lies in central Campbell County in Tps. 44-54 N.,
Rs. 72-75 W. and in northwestern Johnson County
in Tps. 49-53 N., Rs. 81 and 82 W.; thinner areas of
this coal occur between the two main bodies in John-
son County and extend north into central Sheridan

County.

Lower Wasatch Coal Zone

There are two mappable coal beds in the Lower
Wasatch Coal Zone, the Arvada and the unnamed
coal beds. These coals occur only in Sheridan and
northern Johnson counties. At the base of this coal
zone is a distinct coquina bed (Olive 1957): the base
of the coquina bed is accepted as the contact between
late Paleocene and early Eocene rocks in the Powder
River Basin. This boundary is problematic; see discus-

sion in Chapter 1, p. 36.

The upper coal in the Lower Wasatch Coal Zone is
the Arvada coal bed (Figure 2-14). This coal lies at
an average depth of 588 feet and a maximum depth
of 1,474 feet. The Arvada was measured in 431 wells,
has an average thickness of 14 feet and a maximum
thickness of 75 feet, underlies 904,397 acres, and
contains approximately 21.9 billion tons of coal.

The Arvada is thickest in southwestern Sheridan and
northwestern Johnson counties in Tps. 49-55 N., Rs.
80—82 W.; thinner areas of this coal occur in north-
ern and eastern Sheridan County and northeastern

Johnson County.

The lower and earlier coal in the Lower Wasatch Coal
Zone is an unnamed bed (Figure 2-15) at the base of
the Wasatch Formation. This coal lies at an average
depth of 603 feet and a maximum depth of 1,496
feet. This unnamed coal was measured in 485 wells,
has an average thickness of 7 feet and a maximum
thickness of 45 feet, underlies 162,702 acres, and
contains approximately 4.4 billion tons of coal. This
coal bed is thickest in two areas: Tps. 57 and 58 N,
Rs. 79 and 80 W, and a narrow elongated area in
Tps. 51-54 N, R. 82 W. North and east of Sheridan,
the unnamed coal bed averages 10 feet thick and oc-
cupies approximately three townships. Thinner areas
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of this coal occur in eastern Sheridan County and the
extreme northeastern corner of Johnson County.

Fort Union Formation
Roland Coal Zone

We correlated three coal beds in the Roland Coal
Zone: the Upper Roland, the Roland of Baker, and
the Roland of Taff. In the northern part of the basin,
each of these coal beds is locally split into several
minor coal beds. Dobbin and Barnett (1928) used
this series of coal beds to define the top of the Tongue
River Member of the Fort Union Formation: the coal
beds are still considered to represent the uppermost
and last late Paleocene peat swamps.

The uppermost coal in the Roland Coal Zone, the
Upper Roland coal bed (Figure 2-16) is sparsely
distributed in the basin in localized pockets. All but
a few of these pockets lie in a 40-mile-wide band
that crosses the basin northwest-southeast, passing
through Wright, Gillette, and Sheridan. This coal

lies at an average depth of 715 feet and a maximum
depth of 1,722 feet. The Upper Roland was measured
in 1,185 wells, has an average thickness of 6 feet and
a maximum thickness of 39 feet, underlies 402,998
acres, and contains approximately 11.1 billion tons of
coal. The Upper Roland is relatively thick at several
locations in the basin. The largest three areas where
the Upper Roland measures more than 15 feet thick
are located in Tps. 45 and 46 N., Rs. 71 and 72 W.;
Tps. 51 and 53 N, Rs. 76-78 W.; and Tps. 52 and
53 N., R. 81 W. Along the extreme northwestern
edge of the basin and east of Interstate 90, the Upper
Roland coal averages 10 feet in thickness in an area
beginning in northern Johnson County and extend-
ing past Sheridan to T. 58 N., Rs. 82 and 83 W. The
Upper Roland crops out in the northeast in Tps.
53-56 N., Rs. 73-75 W. and in the extreme north-
west in Tps. 57 and 58 N., Rs. 83 and 84 W. The
Upper Roland is essentially a bed that splits off from
and coalesces with the underlying Roland of Baker.
Unlike the coal beds that compose the Eocene Lake
De Smet coal deposit, which split out and apart fairly
predictably towards the east, the Roland of Baker and
the Upper Roland split locally and somewhat ran-
domly, resulting in numerous disconnected pockets

of the Upper Roland, as seen in Figure 2-16.
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The middle coal in the Roland Coal Zone is the Ro-
land of Baker coal bed (Figure 2-17). This coal lies at
an average depth of 802 feet and a maximum depth
of 1,956 feet. The Roland of Baker was measured in
2,849 wells, has an average thickness of 10 feet and a
maximum thickness of 93 feet, underlies 1,208,048
acres, and contains approximately 37.1 billion tons
of coal. The shape of this coal bed is semi-arcuate,
beginning in northern Converse County and extend-
ing into Campbell and northern Johnson counties
and into the eastern two-thirds of Sheridan County.
The thickest area of the Roland of Baker occurs in
northern Johnson and central Sheridan counties. This
coal crops out in the northeast in Tps. 53-57 N.,

Rs. 72-77 W., and in the extreme northwest in Tps.
56-58 N., Rs. 83 and 84 W.

The lowermost coal in the Roland Coal Zone is the
Roland of Taff coal bed (Figure 2-18). This coal
lies at an average depth of 923 feet and a maximum
depth of 2,305 feet. The Roland of Taff was mea-
sured in 1,615 wells, has an average thickness of 13
feet and a maximum thickness of 58 feet, underlies
1,127,022 acres, and contains approximately 37.1
billion tons of coal.

Whyodak Rider Coal Zone
The Wyodak Rider Coal Zone contains as many as

seven coal beds of varying thickness and subsurface
extent. Two areas of thick coal are located in the
central part and extreme northwestern corner of

the basin. We correlated and mapped three related
coal beds in the Wyodak Rider — the Smith Rider,
the Smith/Big George (main body), and the Lower
Smith — for this report. In the extreme northwestern
corner of the basin, these three coals in the Wyodak
Rider Coal Zone occur as individual, distinct coal
beds stratigraphically separated by uniform deposits
of clastic sediments such as fine sands, mudstones,
and shales. These coal beds crop out north and west
of Sheridan in T. 58 N, R. 84 W. Well data indicate
that these coals constitute a single bed with numer-
ous thin partings in the central part of the basin, and
split into several individual coal beds to the west,
southwest, and northwest. West of the main body of
the Smith/Big George coal deposit, three individual
beds — the Smith Rider, Smith/Big George, and
Lower Smith — thin, grade into shale, and pinch out
in the subsurface. East of the main body, the coal is a
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single bed that thins, grades into shale, and pinches
out in the subsurface. There are sparse outcrops of
this bed at the northeastern edge of the deposit in T.
53 N.,R. 73 W.

The uppermost coal in the Wyodak Rider Coal Zone
is the Smith Rider coal bed (Figure 2-19). This coal
lies at an average depth of 1,107 feet and a maximum
depth of 2428 feet. The Smith Rider was measured
in 525 wells, has an average thickness of 17 feet and
a maximum thickness of 107 feet, underlies 668,384
acres, and contains approximately 26.4 billion tons of
coal. This coal coalesces with the underlying Smith/
Big George in an arcuate area that begins in T. 43 N.,
R. 75 W., extends north along Rs. 75 and 76 W. and
then around to the east, and ends in Tps. 52-54 N.,
Rs. 73 and 74 W.

The middle and main coal in the Wyodak Rider

Coal Zone is the Smith/Big George coal bed (Figure
2-20). This coal bed lies at an average depth of 1,092
feet and a maximum depth of 2,558 feet. The Smith /
Big George was measured in 2,311 wells, has an aver-
age thickness of 38 feet and a maximum thickness

of 216 feet, underlies 1,791,288 acres, and contains
approximately 147.6 billion tons of coal.

The lowermost coal in the Wyodak Rider Coal Zone
is the Lower Smith coal bed (Figure 2-21). This coal
lies at an average depth of 1,272 feet and a maximum
depth of 2,751 feet. The Lower Smith was measured
in 603 wells, has an average thickness of 18 feet and a
maximum thickness of 100 feet, underlies 1,703,440
acres, and contains approximately 37.8 billion tons

of coal.

Upper Wyodak Coal Zone

The Upper Wyodak Coal Zone is one of the richest
minable, CBNG-producing, coal-bearing stratigraph-
ic intervals in the world. The Upper Wyodak contains
as many as five coal beds of varying thicknesses and
subsurface extents. We correlated and mapped three
main coal beds in the Upper Wyodak — the Anderson
Rider, Anderson, and Lower Anderson coal beds — for
this report. Of these, the Anderson, commonly called
the Wyodak, is the most important: it is the larg-

est actively mined coal deposit in the United States.
These three coals and the underlying Canyon coal

of the Lower Wyodak Coal Zone make up the most

productive set of coal seams in the country, currently
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fueling approximately 33 percent of U.S. coal-fired

electric power generation.

The Anderson Rider, Anderson, and Lower Ander-
son coals split apart and coalesce in various regions
throughout the coal zone. Unlike the Lake De Smet
coals in the Upper Wasatch Coal Zone and the
Smith/Big George and related coals in the Wyodak
Rider Coal Zone, which also have three main coal
beds splitting and coalescing, the Anderson’s upper
and lower related beds do not split off from the main
body in a consistent direction within the coal zone.
Rather, the Anderson Rider splits off from the main
body to the north in Tps. 49 and 50 N, Rs. 70-80
W. and to the south and southeast in Tps. 45 and 46
N., Rs. 72-77 W.; and the Lower Anderson splits off
randomly, similarly to how the Upper Roland splits
from the Roland of Baker in the Roland Coal Zone
(described above, p. 68).

The distribution of coal in the Upper Wyodak Coal
Zone is similar to that in the overlying Wyodak
Rider Coal Zone: there is a main body in the eastern
and central basin, and a smaller area in the extreme
northwestern corner of the basin where the coals

that compose the main body occur as individual coal
beds. Outcrops of the Anderson are mapped along
the entire length of the eastern margin of the exposed
Tongue River Member of the Fort Union Formation.

The uppermost coal in the Upper Wyodak Coal Zone
is the Anderson Rider coal bed (Figure 2-22). This
coal lies at an average depth of 1,011 feet and a maxi-
mum depth of 2,722 feet. The Anderson Rider coal
was measured in 382 wells, has an average thickness
of 13 feet and a maximum thickness of 52 feet, un-
derlies 1,032,257 acres, and contains approximately
30.0 billion tons of coal. The Anderson Rider coal is
deepest east of the basin axis. This coal crops out in
the northeast in Tps. 49-56 N., Rs. 70-74 W. The
thickest areas of this coal occur in T. 55 N, R. 82
W., Tps. 50 and 51 N., Rs. 78-80 W,, T. 51 N., R.
76 W., and T. 54 N., R. 74 W. The coal bed consists
of four discontinuous but correlative areas located in
Sheridan, Johnson, and Campbell counties. In three
of these areas, the Anderson Rider merges with the
underlying Anderson coal bed; the exception is the
area in Sheridan County, where the Anderson Rider
remains an independent coal bed.
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The middle coal in the Upper Wyodak Coal Zone is
the Anderson coal bed (Figure 2-23). This coal lies
at an average depth of 1,083 feet and a maximum
depth of 2,856 feet. The Anderson was measured in
2,856 wells, has an average thickness of 47 feet and a
maximum thickness of 208 feet, underlies 3,789,227
acres, and contains approximately 225.8 billion tons
of coal. The Anderson is the most extensive and also
one of the thickest coal beds in the Powder River
Basin. This coal underlies the northern part of Con-
verse County, the western three-quarters of Campbell
County, the northeastern third of Johnson County,
and the eastern three-quarters of Sheridan County.
The Anderson is deepest along its westernmost
extent in Tps. 49 and 50 N., Rs. 80 and 81 W. and
T. 52 N, R. 82 W. The Anderson is thickest in two
areas, one in northeastern Johnson County in Tps.
47-51 N., Rs. 77-79 W., the other in the southern
two-thirds of east-central Campbell County in T'ps.
41-51 N., Rs. 70-74 W. The combined areas of thick
Anderson coal (coals more than 30 feet thick) occur
in the shape of a wedge, wide in the northwest and
tapering to the southeast. The Anderson crops out
and has produced clinker along its northeastern and
eastern margins.

The lowermost coal in the Upper Wyodak Coal
Zone is the Lower Anderson coal bed (Figure 2-24).
This coal lies at an average depth of 1,120 feet and a
maximum depth of 2,606 feet. The Lower Anderson
was measured in 1,015 wells, has an average thick-
ness of 21 feet and a maximum thickness of 167 feet,
underlies 2,998,382 acres, and contains approxi-
mately 97.3 billion tons of coal. It is deepest along
its western margin in northern Johnson County and
the lower two-thirds of Sheridan County. The Lower
Anderson is more than 30 feet thick in several small
areas: in northern Sheridan County in T. 56 N, R.
84 W. and Tps. 57 and 58 N, Rs. 83 and 84 W; in
east-central Johnson County in Tps. 46-50 N., Rs.
77 and 78 W, Tps. 52 and 53 N., R. 77 W, and T.
51 N., R. 80 W; in northern Campbell County in
Tps. 55 and 56 N., Rs. 72-76 W.; and in southern
Campbell County in Tps. 41 and 42 N, Rs. 70-72
W. and Tps. 43—47 N., Rs. 71-73 W. The Lower
Anderson crops out in northeastern Campbell and
western Sheridan counties.
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Figure 2-22. Map of Anderson Rider coal bed, Powder River Basin, Wyoming.
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Lower Wyodak Coal Zone

The upper coal in the Lower Wyodak Coal Zone is
the Canyon Rider coal bed (Figure 2-25). This coal
lies at an average depth of 731 feet and a maximum
depth of 2,415 feet. The Canyon Rider was measured
in 270 wells, has an average thickness of 10 feet and
a maximum thickness of 38 feet, underlies 335,146
acres, and contains approximately 9.1 billion tons

of coal. The Canyon Rider occurs primarily in the
northeastern part of the basin. The area of thickest
coal occurs in Tps. 55 and 56 N., Rs. 72-75 W. This
coal splits off from the underlying Canyon coal to the
southwest along a line beginning in T. 53 N, R. 74
W. and ending in T. 58 N., R. 79 W.

The lower and main coal in the Lower Wyodak Coal
Zone is the Canyon coal bed (Figure 2-26). This coal
lies at an average depth of 1,059 feet and a maximum
depth of 3,003 feet. The Canyon was measured in
1131 wells, has an average thickness of 25 feet and a
maximum thickness of 205 feet, underlies 1,689,675
acres, and contains approximately 79.8 billion tons
of coal. This coal occurs in the eastern half of the
basin and occupies two areas: the northern and main
area of the Canyon begins six miles south of I-90 in
northern T. 47 N. and reaches north into Montana;
the smaller, southern area begins in southern T. 47 N.
and ends in northern Converse County. The western
edge of these combined areas of the Canyon where
the coal is 10 feet thick or thicker follows a linear
trend northwest from T. 40 N., R. 72 W. to T. 51 N,,
R. 78 W, and then an arcuate trend north from T. 51
N.twoT. 58 N., R. 78 W.

Knoblock Coal Zone

The upper coal in the Knoblock Coal Zone is the
Cook coal bed (Figure 2-27). This coal lies at an
average depth of 1,436 feet and a maximum depth
of 3,223 feet. The Cook was measured in 903 wells,
has an average thickness of 22 feet and a maximum
thickness of 145 feet, underlies 1,788,301 acres, and
contains approximately 76.4 billion tons of coal. This
coal occurs in the northern two thirds of the basin.
The main area of the Cook is located in eastern Sheri-
dan and Johnson counties and in Campbell County.
The Cook is also present in the northern third and
western part of the basin, underlying an area that
extends north from Buffalo past Sheridan.
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The lower coal in the Knoblock Coal Zone is the
Lower Cook coal bed (Figure 2-28). This coal lies

at an average depth of 1,765 feet and a maximum
depth of 3,038 feet. The Lower Cook was measured
in 172 wells, has an average thickness of 9 feet and

a maximum thickness of 38 feet, underlies 638,128
acres, and contains approximately 16.4 billion tons of
coal. Areas where this coal is 10 feet thick or thicker
occur as pockets distributed within a band oriented
southeast-northwest in the northern two-thirds of the
basin.

Sawyer Coal Zone

The uppermost and main coal in the Sawyer Coal
Zone is the Wall coal bed (Figure 2-29). This coal
lies at an average depth of 1,700 feet and a maximum
depth of 3,455 feet. The Wall was measured in 996
wells, has an average thickness of 19 feet and a maxi-
mum thickness of 58 feet, underlies 1,862,080 acres,
and contains approximately 73.1 billion tons of coal.
This coal occurs throughout the northern third and
eastern half of the basin. The main body of the Wall
is located in eastern Sheridan County, the northern
third of Johnson County, and the northern two-
thirds of Campbell County. A second, minor area of
Wall coal occurs in southern Campbell and northern
Converse counties in two regions in Tps. 40-42 N.,
Rs. 71-74 W. and Tps. 43-45 N., Rs. 74-76 W.

The middle coal in the Sawyer Coal Zone is the
Lower Wall coal bed (Figure 2-30). This coal lies

at an average depth of 1,799 feet and a maximum
depth of 3,495 feet. The Lower Wall was measured in
494 wells, has an average thickness of 11 feet and a
maximum thickness of 58 feet, underlies 3,177,455
acres, and contains approximately 54.7 billion tons
of coal. This coal occurs as several pockets of various
sizes in the basin. The Lower Wall is most continuous
and prevalent in eastern Campbell County; smaller,
discontinuous areas occur in northernmost Johnson
County and in eastern Sheridan County.

The lowermost coal in the Sawyer Coal Zone is the
Pawnee coal bed (Figure 2-31). This coal lies at an
average depth of 1,865 feet and a maximum depth of
3,582 feet. The Pawnee was measured in 586 wells,
has an average thickness of 11 feet and a maximum
thickness of 50 feet, underlies 1,097,580 acres, and
contains approximately 31.0 billion tons of coal.
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This coal occurs throughout the basin as discontinu-
ous pockets, most of which are located in the eastern
part of the basin in Campbell County. The largest
and most contiguous part of the Pawnee begins in
easternmost and central Johnson County and extends
northeast across Campbell County through the area
surrounding Gillette.

Basal Tongue River Coal Zone

The primary coal in the Basal Tongue River Coal
Zone is the Moyer coal bed (Figure 2-32). This coal
lies at an average depth of 2,003 feet and a maximum
depth of 3,776 feet. The Moyer was measured in 374
wells, has an average thickness of 13 feet and a maxi-
mum thickness of 45 feet, underlies 1,097,580 acres,
and contains approximately 39.5 billion tons of coal.
This coal occurs in the basin as five discontinuous
pockets distributed in a band beginning in southeast
Campbell County and extending north-northwest
into central Sheridan County. The largest and most
continuous part of the Moyer is in Sheridan County.

Cartoon sections showing coal distribution

Four generalized cartoon cross sections, A—A'

through D-D' (Figure 2-33), showing subsurface

coal distribution in the PRB illustrate coal zones and
correlations developed for this model. The cross sec-
tions are oriented northwest—southeast, semi-parallel
to the major structural axis of the basin. These car-
toon cross sections illustrate asymmetric basin struc-
ture, this author’s interpretation of coal correlation,
and the stratigraphic distribution and placement of
certain coal beds within their respective coal zones.
This interpretation of coal correlations, represented
by these cross sections, shows the generalized loca-
tions of splits, pinch-outs, abrupt terminations, and
gaps between occurrences of contemporaneous, cor-
relative coals.
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APPENDIX 2A

geophysical well log interpretation

Scott Quillinan

nique physical properties of coal allow

the use of geophysical well logs to de-

termine coal-seam top and base depths.

Gamma-ray logs, density logs, neutron
logs, and resistivity logs register natural radioactiv-
ity, density, and resistance to electric current flow in
strata down-hole. Most of the well logs cited in this
report were from CBNG wells, and some were from
traditional oil and gas wells. Simultaneous gamma-
ray/density logs in CBNG wells gave the most reli-
able picks.

Overview

Geophysical well logs record the natural radioactiv-
ity, density, and electrical resistivity of the rocks that
a well penetrates. Several unique physical properties
of coal allow the use of well logs to identify coal in
the subsurface: low natural radioactivity, low density,
and high resistance to electric current (Table 2A-1).
Because non-coal rocks differ from coal in these
properties, geophysical logs can be used to determine

97

the presence and thickness of a coal seam in a coal-
bearing sequence.

We used several types of geophysical logs to identify
subsurface coal-seam top and base elevations for this
report: gamma-ray, density, neutron, and resistivity
logs. Some sets of well logs recorded a suite of mea-
surements, making coal-seam distinction straight-
forward and accurate, while other well logs, with
only one type of measurement over a coal-bearing
interval, made coal-seam distinction difficult and less
accurate. The combined gamma-ray/density log was
generally the most common, accurate, and easiest log
to interpret, whereas a resistivity log gave the greatest
uncertainty (Figure 2A-2). Neutron logs are valuable,
but have seldom been run in the PRB.

Coal seams identified and measured on well logs con-
stitute most of the data acquired for this report. Most
of that data was taken from CBNG well logs, some
from conventional oil and gas well logs. The CBNG
wells are closely spaced and their logs well calibrated



Table 2A-1. Geophysical log characteristic responses in coal and associated strata.
[Modified from Renwick (1981). Gamma-ray response in counts per second; density in grams per cubic centimeter; neutron
in porosity units (volume percentage); resistivity in ohms per meter.]

Geophysical log type
Lithology
Gamma-ray Density! Neutron Resistivity
Shale high high high low
Sandstone low high low intermediate
Coal low low high high
Pyrite in coal low high high high

1Gamma-ray logs plot low response to the left, high response to the right; coal plots to the left (as does pure sandstone). In order to
read density logs in the same sense as corresponding gamma-ray logs, to match them, we reverse the density plot electronically so
that the high back-scatter response of coal is read to the left as a low-density response and is calibrated as density (grams per cubic
centimeter) rather than as counts-per-second of back-scattered radiation.

for coal identification, and several types of logs are
run simultaneously (Figure 2A-1). Conventional oil
and gas wells log a deeper interval but are not closely
spaced, nor are their logs calibrated to easily identify
coal seams; generally, only resistivity logs are run.

Although conventional oil and gas logs provided a
picture of the entire Paleocene and Eocene coal-bear-
ing sequence, we exercised caution in using them, for
two reasons. First, other lithologies can be misidenti-
fied as coal seams when using only one type of log.
For example, coarse quartz-rich sandstone emits ex-
tremely low gamma, mimicking a distinctive property
of coal (Table 2A-1). Second, some log types used in
conventional oil and gas exploration are simply not
effective for coal-seam identification. Thus cautioned,
we used the conventional oil and gas well logs solely
to augment resolution on deep coal beds in support
of data collected from thousands of CBNG well logs
(Figure 2A-3).

Gamma-ray logging

The natural radioactive decay of certain elements in
rocks releases measurable levels of gamma radiation.
The gamma-ray log was introduced by Well Surveys,
Inc. in 1939 as a technique to determine subsurface
lithology beyond casing. Gamma rays are bursts of
high-energy electromagnetic energy that penetrate
even dense matter (Figure 2A-4). Gamma rays are
emitted as a result of the breakdown of radioactive
isotopes of uranium, thorium, and potassium. The
most abundant of these elements is potassium, a
component of micas, feldspars, and clay minerals.

Strata in which these minerals are major constituents,
such as shales and felsic volcanics, emit much higher
levels of gamma radiation than strata, such as quartz-
rich sandstone and coal, containing potassium-poor
minerals.

The gamma-ray log gives a general measure of the
shale and clay content of strata. Pure coal is distin-
guished by a remarkably low gamma value; shaley
coals give a somewhat higher gamma value, and may
be difficult to distinguish from sandstone. The non-
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Figure 2A4-1. Coal bed identification verified on corre-
sponding gamma-ray and density logs.
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Figure 2A-2. Many sets of gamma-ray and density logs show discrepancies, and both logs are needed to identify
coal with complete confidence. This set is unusual in that it is generally the gamma-ray log that shows spurious

peaks (red).
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Figure 2A-3. Map showing density of CBNG wells and of conventional oil and gas wells in the WSGS Powder River
Basin Coal Occurrence Database. Among these wells are those used in the coal bed correlations described in this chapter.
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coal strata within the PRB coal-bearing formations

generally consist of shales and other fine-grained sedi-

ments that are easily distinguished from coal seams

on a gamma-ray log. The gamma-ray log is useful not

only in detecting lithological boundaries, but also in
detecting thin beds within a lithological unit (Figure
2A-5).

Density logging

The density log (scattered gamma-ray log, gamma-
gamma log) was introduced in 1953 as a log that
could record rock density in place. Density logging
is based on the response of strata around a bore hole
to incident gamma radiation. Dense rocks tend to
absorb the emitted gamma-rays, whereas rocks with
low bulk density reflect (back-scatter) more of the
emitted gamma-rays. [High back-scatter is logged as
low density: see Table 2A-1, footnote.] The density
log was originally developed for the oil industry, to
measure the bulk density of a rock reservoir and thus
give a general estimate of formation porosity (Figure
2A-6).

Density logs are used in coal exploration in conjunc-
tion with gamma-ray logs. Coal is made up almost

entirely of carbon and hydrogen, both of which are of

lower atomic number than the aluminum, iron, and
silicon in minerals generally associated with sand-
stones. As a result, coals send much greater back-scat-
ter to the receiver than sandstone does. The density
of coal is about 1.3 g/cm?, compared to the average

Gamma-ray
Radiation

Radioactive
Element

Emitted
Particle

Figure 24-4. Radioactive decay: an unstable atomic
nucleus loses energy by emitting radiation in the form of
a particle plus a quantum of electromagnetic energy (a
gamma ray).
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Figure 24-5. Typical gamma-ray log showing low gamma-
ray signature of coal beds (blackened in, left of center).

A shale parting in the lower coal gives a high gamma-ray
response, a peak that rises to the right and re-enters the log
from the left.
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Figure 2A-6. Typical density log showing low-density signature of coal beds.
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2.5 g/cm? of other sedimentary strata. Thus, coal and
sandstone are distinguished from other lithologies on
a gamma-ray log, and the coal is distinguished from
the sandstone on the corresponding density log.

Neutron Logging

Well Surveys, Inc. introduced neutron logging in
1941, and Lane-Wells initiated the first commer-

cial logging soon after. Neutron logging records the
reduction in energy of neutrons passing through a
rock-body. Of the chemical elements, hydrogen has
the lowest mass and causes the greatest loss of the
energy in incident neutrons. By slowing the neutrons,
it also allows neutron capture by other elements.
Thus, the response recorded on neutron logs depends
mostly on the amount of hydrogen present. Most of
the hydrogen in sedimentary rocks occurs as water.
However, since coal is a hydrocarbon, hydrogen also
occurs in the molecular structure of the coal. The
neutron log response may be used to measure the
total hydrogen present in the coal, which is related to
coal rank and to the moisture content of the seam. If
the interstitial water content is uniform over a coal-
bearing interval, the neutron log can be calibrated to
indicate the approximate amount of volatile matter
in the coal (Ward 1984). Very few neutron logs have
been run in the PRB. In a few instances, neutron log-
ging has been done in conjunction with gagmma-ray
logging in conventional oil and gas wells, but it has
very rarely been done in CBNG wells.

Resistivity Logging

By far the most common geophysical log used in oil
and gas exploration is the resistivity (electrical) log
(Figure 2A-7). The resistivity log records the response
of rocks to incident elastic waves. The use of elastic
waves to investigate bore holes was first proposed by
Humble Oil and Refining Company in 1948: an ex-

perimental acoustic logger was built that could record
reproducible elastic wave propagation down-hole.
The resistivity log has three components: spontaneous
potential (sp), resistivity, and conductivity. The spon-
taneous potential curve records changes in natural
potential along an uncased borehole: small voltages
developed between the mud and the formation water
of an invaded bed and also across the shale-to-mud
interface, augmented by an electrokinetic potential
developed when the mud filtrate moves along the
borehole toward a formation region of lower pressure.
In resistivity logging, current and potential electrodes
in the receiver make contact with the walls of the
uncased hole and measure the resistivity of the sur-
rounding strata. Induction logs make a continuous
record of the conductivity of the strata traversed by a
borehole, as a function of depth.

The resistance of rock strata to an electric current
depends partly on mineralogy and partly on fluids in
pore spaces. Generally, subbituminous and bitumi-
nous coal should be highly resistive, and shale, sand-
stone, and limestone much less resistive. But in actual
well logging, geological conditions influence, and
may distort, the resistance log response: not all high-
resistivity beds are coal seams, nor do all coal seams
show significant resistivity contrast with surrounding
strata; water in pores or cleat fractures may reduce a
formation’s apparent resistivity; and coals may be dif-
ficult to distinguish from fresh-water sandstones and
conglomerates (Ward 1984).
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Figure 24-7. Typical electrical log showing the high-resistivity and high-conductivity coal signature. The blackened-in
areas show where resistivity and conductivity are high. The conductivity (induction) curve wraps around and enters the
log from the left.
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