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Preface

The results of this investigation were publish-
ed by the Geological Survey of Wyoming because
they emphasize the conservative nature of previous
coal resource estimates for the Powder River Basin
of Wyoming. The previous estimates did not account
for much of the vast resources that lie at depths
greater than 1,000 feet in this basin.

should be taken in the use of

Care, however,
in this reporte.

the resource estimate provided
First, the resource estimate tabulates in-place
coal resources (the total amount of coal under-
lying the area) and does not attempt to define
what part of the resource Is mineable, Second,
the resource estimate Is only for coal occurring
in the Tongue River Member of the Fort Union For-
mation, There are additional coat resources in
the overlying Wasatch Formation, Third, the re-

Laramie
March 19, 1986

source estimate was not made in conformance with
techniques outlined by the U,S. Geological Survey
or commonly used by others. In particular, the
estimate Includes some coals that are thinner
(2-2,5 feet thick) than those normally included In
resource estimates, and the estimate is not sub—
divided Into the standard reliability categorles
of measured, indicated, Inferred or hypothetical
resources,

However, the coal resource estimate In this
report Is a significant contribution to the evalu-
ation of the coal resources of Wyoming's Powder
River Basin because [t essentially doubles any
previous estimate of the identified and hypotheti-
cal resources, I+ also indicates that the re-
sources are even greater than the report esti-
mates, since coal resources in the Wasatch Ffor-
mation were not considered,

Gary B, Glass
State Geologist



Abstract

The Tongue River Member contains more
than 1.16 trillion short tons of low—
sulfur subbituminous coal to a depth of
3,000 feet in the Powder River Basin of
Wyoming and Montana. Coal occurs in
thick (commonly greater than 60 feet),
laterally extensive beds that have been
correlated more than 50 miles along
strike.

In a regional subsurface study, data
from 1,790 geophysical well logs were
used to map Tongue River coal beds and
calculate resources for an area of 9,651

square miles. As many as 32 coal seams
are present; net thickness of coal ex-
ceeds 300 feet at places in the center
of the basin. Much of the Powder River
Basin's coal resources are contained in
two thick strike—parallel coal beds. The
first (commonly called the Wyodak coal
bed) crops out along the east margin of
the basin where it is exploited by sur-
face mining; the second seam (identified
as Seam 14 in this study) lies basinward
(west) of the first at depths of 1,000
to 2,000 feet.

In roductio

Statem nt of problem

The Powder River Basin, located in
northeastern Wyoming and southeastern
Montana (Figure 1 , contains a large
part of the nation's low—sulphur coal
(Matson and Pi chock, 1976). Within the
basin, the Tongue River Member of the
Fort Union Formation (Figure 2) is the
major coal-bearing wunit; it commonly
contains eight to twelve thick, persis—
tent subbituminous coal seams in north-

rn and eastern Wyoming (Glass, 982).
Coal seams presently mined in the Wyo-
ming part of the basin range from ten to

100 feet thick. In Wyoming, coal pro-
duction " from this basin has set new
records every year since 1972. 1In 1984,
84.3 million short tons wer:- produced

from these coals in the Wyoming region
alone (Glass, in press). All production
in both Wyoming and Montana was from
strip mines. Thunder Basin Coal Com-
pany's (ARCO's) Black Thunder mine,
located along the east-central margin of
the basin, was the 1largest producing
mine in the United States in 1984 (21.2
million tons) (Glass, in press).

Despite a record of production ex—
tending back over a century, coal re—
sources in the Powder River Basin have
not been adequately assessed because
deep—basin resources have not been in-—
cluded in many past estimates. Resource
estimates for western coal are based
mainly on older reports that relied
almost entirely on outcrop measurements;
therefore, estimates are biased toward
resources less than 1,000 feet deep
(Glass, 1981; Tewalt and others, 1983).

Tremendous coal resources occur below
this depth in the Powder River Basin
(Wold and Woodward, 1968; Hicks and

Woodward, 1969; Pierce and others, 1982;
Tewalt and others, 1983).

A vast regional data base exists in
the form of induction logs run in oil
and gas tests. The objectives of this
study were to use induction logs to map
coal beds and evalua e coal resources
for the Tongue River Member in the
Powder River Basin of Wyoming and Mon-—
tana.
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Geologic

From outcrop studies at the northern
end of the Powder River Basin, Flores
(1979; 1980; 1981; 1983), suggested that
Tongue River coals (peats) formed on the
alluvial plain of a northward-flowing
fluvial system. However, Ayers and
Kaiser (1984) pointed out that the allu-
vial plain setting lacks the temporal
stability required for the accumulation

of thick, extensive, low—ash peats;
their regional subsurface study shows
that a thick Tongue River coal seam

(Seam 14) in the deep basin formed in an
interdeltaic setting, asscciated with a
fresh—-water lake (Lake Lebo).

The Powder River Basin formed during
the Paleocene Epoch due to the Laramide
orogeny. As a result of rapid basin
subsidence, a lake (Lebo Shale Member;
Figures 2 and 3) developed along the
axis of the basin during the middle
Paleocene and spread rapidly over amn
area greater than 10,000 square miles.
Middle to late Paleocene fluvial-deltaic
systems (Tongue River Member), with

setting

Kaiser, 1984) show that a thick (as much
as 200 feet) Tongue River coal bed (seam
14} din the deep basin formed in an in-
terdeltaic setting (Figure 3). Peat
swamps, which developed at loci of re—
gional ground-water discharge in inter-
distributary and interdeltaic plain set—
tings, persisted vertically and inter—
tongued basinward (westward) with lacus-—
trine muds (Figure 4). Along strike, in-
terdeltaic peats interfingered with
fluvial-deltaic framework facies (Tongue
River Member) {Figure 5). Delta abandon—
ment allowed interdistributary and in-
terdeltaic plain peats to wultimately
overspread foundering delta lobes, form—
ing extensive, elongate peat deposits
parallel to depositional strike (Ayers
and Kaiser, 1984).

A structure map (Figure 6) drawn on
top of the Tullock Member (Figure 2)
reveals an asymmetrical basin with the
axis mnear the west margin. Regional dip
varies from less than one degree at the
north and east margins, to more than 25

source areas in the surrounding Laramide degrees along the west margin of the
highlands, filled Lake Lebo, primarily basin. Faults, uncommon in the east and
from the eastern margin (Figure 3), and northeast parts of the basin, are re-
formed platforms for the development of ported in the west (Glass, 1982) and
peat swamps (Ayers and Kaiser, 1984). northwest (Widmayer, 1977; Lewis and

Roberts, 1978), but vertical displace-

Lithofacies maps and coal  maps ments rarely exceed a few hundred feet.
(Tewalt and others, 1983; Ayers and
- Methodology

Conventional exploratory coal drill-
ing is limited to depths of a few hun-
dred feet and, therefore, resources are
commonly delineated only along the mar-
gins of coal basins. The primary source
of data used for this study, geophysical
well logs run in o0il and gas wells,
penetrate the entire Tertiary coal-bear-

ing sequence, allowing delineation of
resources in the deep basin. Because
the Powder River Basin 1is a mature

petroleum basin, thousands of induction
logs were available for regional evalua-
tion of coal resources; 1,437 were used
in this study (Figure 7).

Curves available on the induction
logs were the induction resistivity,
short—-normal resistivity, conductivity,
spontaneous potential and, less com—
monly, the natural gamma ray. Recently,
the attributes of these logs were recog-
nized in a U.S. Geological Survey coal
resources publication (Wood and others,
1983). However, criteria for the identi-
fication of coal on geophysical well
logs run in oil and gas tests are well
established (Bond and others, 1971;
Schlumberger, 1972), and this source of
data has been used in coal studies of
the Illinois Basin (Hopkins 1958;
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Figure 4. Cross section C-C', oriented parallel to dip, showing a thick coal seam
that is mined along the east margin of the basin. A second thick seam (14), which
formed in an interdeltaic plain setting, splits westward as the Tongue River
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level. (See Figures 7 and 9 for location of the cross section.)
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Allgaier and Hopkins 1975); the Appala-

chian Basin (Sholes and others, 1979);
the Gulf Coast Basin (McGowen, 1968;
Kaiser, 1974; Kaiser and others, 1978);

the Williston Basin (Rehbein, 1978); and
the Powder River Basin (Wold and Wood-
ward, 1968; Nelms, 1976; Ayers and
Kaiser, 1982; Tewalt and others, 1983).

Nelms (1976) showed that coals in the
Tongue River Member can be identified on
geophysical well logs by their high re-
sistivities; 100 percent of the beds
with resistivities greater than 120
ohm—m2/m and 92 percent with resistivi-
ties between 35 and 120 ohm-mZ/m are
coals. Rather than measure the resisti-
vities of individual coal beds, it was
more expedient in this study to draw a
coal baseline to the right of the sand-
stone- response on the resistivity curve;
those beds more resistive than sandstone
were interpreted as coals (Figure 8).
The reliability of the method derives
from a thorough knowledge of regional

stratigraphy. Outcrop studies and anal-
yses of 25 well sample logs from
throughout the basin (Figure 7) revealed
no other highly resistive units with the

thickness and lateral continuity of
Tongue River coal beds. Carbonate beds
and “"hardstreaks"™ (carbonate—cemented

sandstones), the only other highly re-—
sistive units in the Tongue River Mem—
ber, are thin and laterally discontinu—
ous. The presence of coal, identified
from the resistivity curve, was con—
firmed by low natural gamma ray counts
(Figure 8) (Bond and others, 1971;
Schlumberger, 1972).

In this study, data from the geophy—
sical logs were used to map the (a)
total number of coal beds greater than
two feet thick; (b) thickness of the
thickest coal in each borehole; (c)
average coal thickness; and (d) total
thickness of coal for the Tongue River
Member. Resources were calculated from
the coal isolith mape.

Coal occurrences

Before discussing coal occurrences,
it is important to discuss the limita-
tions imposed by the data base. Surface
casing in most o0il and gas wells pre-
cluded resistivity logging in the upper
parts of the wells and resulted in loss
of information in the shallow subsur-
face. To cempensate, 185 natural gamma
ray logs from oil and gas tests (which
allow identification of coal through the
casing) and 168 density logs from U.S.

Geological Survey open—-file reports of
coal drilling were used to complete two
maps of outcrops along the east margin
of the basin where mining activity is
greatest. However, more seams than
delineated may be present in the shallow
subsurface in the Fort Union outcrop in
Montana where natural gamma and density
logs were not used. Therefore, coal
mapping is probably conservative in that
region.

Maximum coal

In the Powder River Basin, thick coal
seams are most abundant in the upper
Tongue River Member where they are in-

terbedded with mudstones and thick
sandstones (Figures 2 and 8). At the
outcrop, mined coals average 22 to 30

percent moisture, four to eleven percent

ash, 0.4 to 0.6 percent sulfur and 8,200
to 9,600 Btu/lb, on an as-received basis
(Glass, 1982).

12

The map of the thickest Tongue River
coal seam in each borehole, regardless
of its stratigraphic position (Figure
9), reveals two regional occurrences of
thick coal oriented parallel to the ba-
sin axis. The first, the Wyodak coal
sequence, is commonly more than 60 feet
thick, and crops out along the east mar-
gin of the basin where its coincidence
with active and proposed surface mines
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demonstrates the value of the maximum
coal map as an exploration tool. The
second thick coal (seam 14) 1is strati-
graphically above the first bed and is
offset toward the basin axis (Figures &
and 9). It extends more than 50 miles
along strike (Figure 5; bed 14) and 30
miles downdip (Figure 4). Over much of
its extent, it is 60 to 100 feet thick;
in places its thickness exceeds 200
feet. An interdeltaic depositional

C

setting has been postulated for this
seam, as discussed earlier (Ayers and
Kaiser, 1984). Anomalously thick coals
associated with the Decker delta (Figure
3) in the northwest and the Dry Fork
delta at the southwest margin of the
basin appear to have formed in delta
plain settings. Coals are thin or absent
along the basin axis, where sedimentary
fill is predominantly lacustrine mud-
stone.

Coal isolith

The coal isolith map (Figure 10) was
made by contouring the net thickness of
coal for each borehole. The greatest net
thickness occurs in the center of the
Powder River Basin and includes the pre-
viously described thick coal bed (seam
14) in the deep basin. A large region
encompassed by the 225-foot isolith on
Figure 10, was identified in the late
1960s and 22 billion tons of coal re-
sources were calculated between 1,000
and 2,000 feet deep (Wold and Wocdward,
1968; Hicks and Woodward 1969).

Net coal thickness exceeds 75 feet
along the eastern margin of the basin,
from T.42N. through T.58N. Low coal
isolith values in the Fort Union outcrop
in Montana may reflect data limitations
and(or) depositional controls. Northeast
of Sheridan, net coal thickness exceeds
150 feet marginal to the Decker delta
(Figure 10). Lacustrine facies dominate
along the axis of the basin and, conse-
quently, net coal thickness is low in
that region.

Number of coal seams and average seam thickness

The greéatest number of Tongue River
coal seams (Figure 11) occurs in the
north-central Powder River Basin where
more than 24 coal beds, having an aver-
age thickness of six to twelve feet,
(Figure 12) and a net thickness in
excess of 225 feet (Figure 10), ' are
found between and flanking the Wright,
Gillette and Moorehead deltas (Figure

3). 1In contrast, maps of the number of
coal beds and average bed thickness
(Figures 11 and 12), and dip section C-
C' (Figure 4), show that in the region
of the two thick, strike—parallel coal
beds (the Wyodak and seam 14) (Figure
9), a few thick coal seams comprise the
majority of the coal resources.

Coal resources

Glass (1981) asserted that estimates
of Wyoming coal resources (Averitt,
1975) were conservative, in part because
they were based upon compilation of old-
er reports (82 percent were done prior
to 1950) that, as acknowledged by
Averitt  (1975), emphasized outcrop
measurements and shallow resources less
than 1,000 feet deep. Figure 13 reflects
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this limited data base. Thick coal seams
are depicted around the margins of the
Powder River Basin in Wyoming, whereas
the central part of the basin is charac-
terized by question marks. Yet, thick
coal seams were identified on geophysi-
cal well logs from the center of the
basin as early as the mid-1960s (Wold
and Woodward, 1968).
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P revealing that the greatest number of coal seams is
in the north-central part of the basin. 1In the two areas of thick strike-parallel
coals (Figure 9) there are fewer seams, but they have a greater average thickness
(Figure 12). Few seams are present along the west and south margins of the basin.
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Figure 13.

the Wyoming part of the Powder River Basin (from Glass, 1982).

Fence diagram showing identification and correlation of coal seams in

A thick undepicted

coal bed (seam 14 of this report) occurs in the central part of the diagram charac-

terized by question marks.
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In this study, coal resources were
calculated for coal seams in the Tongue
River Member of the Fort Union Formation
in both Wyoming and Montana. Data for
Wyoming consisted of 1,639 geophysical
well logs with the following breakdown:
1,286 induction logs from oil and gas
wells, many with natural gamma Tray
curves; an additional 185 natural gamma
ray logs run through casing in shallow
wells along the east margin; and 168
density logs from U.S. Geological Survey
coal drilling projects published as
Open—-File Reports. Locations of data
from the latter two data sets are mnot
shown on the base map (Figure 7). The
area of investigation was 7,932.2 square
miles; borehole density was one well per
4.8 square miles for Wyoming. For Mon-
tana, 151 logs from oil and gas tests

“were used to calculate resources for an
area of 1,766.7 square miles; borehole
density was one well per 1ll.7 square
miles.

The spacing between data points is,
of course, not uniform; it varies from
hundreds of feet to ten miles. If re-
sources were calculated by the methods
prescribed by the U.S. Geological Survey
(Wood and others, 1983), they would
appear in the measured, indicated, in-
ferred and hypothetical categories. How~
ever, that method requires detailed cor-—
relations and the calculation of re-
sources on a bed-by—bed basis, a her-—
culean task considering the number of
seams, variable spacing of data points
and the size of the basin.

Coal  seams were not correlated in
this regional resource estimate. In-
stead, resources were calculated for the
summation of coal seams (total coal).
Attempts to correlate seams across an
entire basin are not only futile, but
are also counter to our understanding of
the existing coal depositional systems.
Previous studies (Ayers and Kaiser,
1982; 1984; Tewalt and others, 1983)
show that the boundaries of Tongue River
coal seams are established by the frame-
work elements of the host sediments.
Major coal seams are continuous over
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distances of tens of miles (commonly 30
to 50 miles).

Resource estimates for Tongue River
coal seams greater than two feet thick
occurring to a depth of 3,000 feet were
calculated by planimetering the coal
isolith map (Figure 10) [short tons =
area (acres) x coal thickness (feet) x
1,770 tons per acre-feet]. Calculated
Tongue River coal resources in Wyoming
and Montana are 1,164,902,000,000 tons;
91 percent (1,058,660,000,000 tons) are

in Wyoming, and nine percent
(106,235,000,000 tons) are in Montana.
Direct comparison of these resource

estimates with those of Averitt (1975),
Cole and others (1982) and Glass (1982)
are speculative because of differences

in the methods of calculation. Also,
the U.S. Geological Survey does not
calculate resources for subbituminous

coal seams less than 2.5 feet thick.
Beds between two and 2.5 feet thick,
however, make up less than one percent
of the resources reported in this study.

Resources calculated in this study
for the Tongue River Member in Wyoming
are greater than resources estimated by
Glass (1982) for all coal-bearing forma-
tions (110,219,000,000 tons) in the Wyo-—
ming part of the Powder River Basin.
Glass' resource estimate was updated
from an earlier report by Berryhill and
others (1950) that relied heavily upon
outcrop measurementse. It is apparent
when comparing the coal isolith map
(Figure 10) with the fence diagram
(Figure 13) that the increase calculated
in this study results from the delinea-
tion of tremendous coal resources that
£i1l in the question marks on Figure 13
and confirm the conclusion (Glass, 1981)
that Wyoming coal resource estimates are
conservative. In fact, this present
estimate is probably conservative be-
cause data is scarce near outcrops.

Montana coal resources are difficult
to evaluate and are probably also con-—
servative because much of the studied
area lies within the Fort Union outcrop
and information is lost due to surface



casings in wells. In addition, well
control is less dense in Montana. Direct
comparison of resource estimates of this
study with published estimates (Cole and
others, 1982; Matson, 1975) are invalid
because those studies report only strip-
pable coal to depths of 250 feet. Mon-—
tana resources (106,235,000,000 tons) to
a depth of 3,000 feet are approximately
three times greater than the strippable
resources reported (Cole and others,
1982) for the Powder River coal region
of Montana, which is larger than the
region of Montana discussed in this

study.

Coal resources of the Tongue River
Member to a depth of 3,000 feet
(1,164,902,000,000 tons) are 32 percent

of the total identified and hypothetical
coal resources of the United States
(3,580,568,000,000 tons) (Averitt, 1975)
to the same depth. The present resource
estimate does not include all of the
Montana part of the basin, nor does it
include other coal-bearing formations.
In particular, the Wasatch Formation
(Eocene) contains several thick coal
seams. Without doubt, the Powder River
Basin is omne of the most coal-rich
basins in the United States. The re-
sources calculated in this study equal
22,366 quads of energy, or the equiva-
lent of 3.86 x 10!2 barrels of crude oil
(assuming 9,600 Btu/pound for coal
[Glass, 1982] and 5,800,000 Btu/barrel
for crude oil).

Conclusions

1. Geophysical well 1logs from oil and
gas wells provide a readily available
source of data for the regional eval-
uation of coal resources in deep coal
basins.

2. The maximum coal map is an excellent
exploration tool, as is demonstrated
by its success in predicting the lo-
cations of surface mines in the Pow—
der River Basin.

3. Thick coal seams (greater than 60
feet) occur parallel to the basin
axis in two regions. _The first seam,
located along the east margin of the
basin is the target of more than a
dozen surface mines. The second seam

lies in the center of the basin at
depths greater than 1,000 feet; ex—
ploitation of this deep-basin coal
will require more innovative recovery
techniques than currently available.

4, Coal resources of the Tongue River
Member (1.16 trillion tons) exceed
published resource estimates for all
coal-bearing strata in the Powder
River Basin. The large resource esti—

mates calculated in this study result
from using induction well logs to

delineate deep—basin coal resources
excluded in previous estimates. This
non—-traditional source of data should
be used routinely in coal resource
assessment.
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