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EFFECTS OF COAL MINE SUBSIDENCE IN
THE SHERIDAN, WYOMING, AREA

By C. RICHARD DUNRUD and FRANK W. OSTERWALD

ABSTRACT

Analyses of the surface effects of past underground coal
mining in the Sheridan, Wyoming, area suggest that
underground mining of strippable coal deposits may damage
the environment more over long periods of time than would
modern surface mining, provided proper restoration pro-
cedures are followed after surface mining. Subsidence
depressions and pits are a continuing hazard to the environ-
ment and to man’s activities in the Sheridan, Wyo., area
above abandoned underground mines in weak overburden
less than about 60 m thick and where the overburden is less
than about 10-15 times the thickness of coal mined. In addi-
tion, fires commonly start by spontaneous ignition when
water and air enter the abandoned mine workings via sub-
sidence cracks and pits. The fires can then spread to unmined
coal as they create more cavities, more subsidence, and more
cracks and pits through which air can circulate.

In modern surface mining operations the total land surface
underlain by minable coal is removed to expose the coal. The
coal is removed, the overburden and topsoil are replaced, and
the land is regraded and revegetated. The land, although
disturbed, can be more easily restored and put back into use
than can land underlain by abandoned underground mine
workings in areas where the overburden is less than about 60
m thick or less than about 10-15 times the thickness of coal
mined. The resource recovery of modern surface mining com-
monly is much greater than that of underground mining pro-
cedures. Although present-day underground mining
technology is advanced as compared to that of 25-80 years
ago, subsidence resulting from underground mining of thick
coal beds beneath overburden less than about 60 m thick can
still cause greater damage to surface drainage, ground water,
and vegetation than can properly designed surface mining
operations.

This report discusses (1) the geology and surface and
underground effects of former large-scale underground coal
mining in a 50-km? area 5-20 km north of Sheridan, Wyo., (2)
a ground and aerial reconnaissance study of a 5-km? coal
mining area 8-10 km west of Sheridan, and (3) some environ-
mental consequences and problems caused by coal mining.

INTRODUCTION

Thick coal deposits, representing hundreds of
billions of tons of low-sulfur subbituminous
coal, are present in the Powder River Basin of
Wyoming and Montana (fig. 1). The coal occurs
beneath overburden composed of weak bedrock
and surficial deposits that range in thickness
from a few meters to as much as 900 m. A con-
troversy currently exists over the relative merits
of mining strippable coal deposits by under-
ground and surface methods. Many mining and
land-use planners contend that the many billions
of tons of strippable coal in the Powder River
Basin can be mined more safely and much more
completely by surface methods than by under-
ground methods, particularly in areas where
thick coal beds occur beneath soft bedrock and
surficial material less than 60 m thick. On
the other hand, environmental groups are con-
cerned that surface mining might be more dam-
aging to the environment than would under-
ground mining.

Surface mining operations disturb the total
land surface of the mining area during the mining
cycle (figs. 2, 3). The topsoil and remaining over-
burden commonly are removed by earth-moving
scrapers or by large draglines; the coal is then
removed by draglines or power shovels, and
trucks. In modern surface mining operations, in
contrast to those of the past, the overburden is
replaced and graded, the topsoil is replaced, and
the land is revegetated (figs. 2, 3). In a few years
or a few decades, depending on the climate and on
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have surface mining activities on nearby land.
Subsidence continues to be a problem many years
or many decades after the mine workings were
driven.

The purpose of this report is: (1) to discuss and
evaluate the subsidence effects caused by past
coal mining in the Sheridan, Wyo., area in under-
ground mines that were worked beneath weak
bedrock and surficial deposits 5-60 m thick; (2) to
compare some of the long-range environmental ef-
fects of the underground and surface mining
methods in these areas; and (3) to make this infor-
mation a matter of public record in order that
future mining activities may benefit from this
knowledge.

These investigations are part of a series of
engineering geologic studies of the western
Powder River Basin, in connection with the U.S.
Geological Survey’s environmental studies of
Energy Lands. Detailed subsidence investiga-
tions of a 50-km? area 5-20 km north of Sheridan,
Wyo. (fig. 4), were supplemented by a ground and
aerial reconnaissance study of a 5-km? mining
area 8-10 km west of Sheridan along Big Goose
Creek and an aerial reconnaissance of 65 km? of
land impacted by underground and surface min-
ing near Beulah, N. Dak. Other investigations
were made of strip mines in the northern Great
Plains, particularly of the Decker strip mine in
southern Montana. Some results of subsidence
studies are included from currently operating
coal mines near Somerset, Colo., and Raton, N.
Mex., where the overburden is thicker than 60 m.

Large areas near Sheridan are underlain by
abandoned mine workings in the Carney, Mon-
arch, and Dietz coal beds located between about 5
and 60 m beneath the ground surface (fig. 4).
Underground mining began in about 1892
(Kuzara, 1977, p. 55) and ended in 1953. The old
mining towns or camps of Acme, Monarch, Kooi,
Riverside, Kleenburn (Carneyville), and Dietz
(Higby) are abandoned, demolished, or in the pro-
cess of being demolished. In 1907 the population
of the mining towns of Dietz, Kleenburn (Carney-
ville), and Monarch was about 2,000, 1,400, and
700 respectively; and the towns of Kooi and
Riverside were established. About 1,600 men
were employed at the Dietz, Carney, and Mon-
arch mines (Taff, 1909, p. 125). Many of the per-
sonnel employed at the current surface mines at

Big Horn and Decker now reside in Sheridan and
other nearby communities.

The terms subsidence, overburden, and coal
mine openings, as used in this report, require
clarification. Subsidence is defined as the local
lowering of the Earth’s surface caused by subsur-
face removal or compaction of material. Coal
mine subsidence includes the local lowering of the
ground surface and all deformation processes
within the overburden and at the surface that are
produced by the movement of rock and surficial
material into underground coal mine openings.
Subsidence processes therefore include down-
ward vertical movement, local depressions, pits,
horizontal compressive and tensile strains pro-
duced by flexure of strata, compressive strain
associated with compression arching, shearing
across lithologic boundaries due to flexure of
strata, and even upward movements that locally
occur near depressions. The term overburden
means all earth material that overlies the coal bed
being mined. Coal mine openings include all
underground cavities, entries, or workings
created as coal is removed.
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GEOLOGY AND PHYSIOGRAPHY

The Powder River Basin, as defined by Keefer
and Schmidt (1973), is a northwest-trending
structural and topographic basin located in
northeastern Wyoming and southeastern Mon-
tana (fig. 1). Structurally, the basin is strongly
asymmetric, the deepest part being to the south-
west only a few kilometers northeast of the
Bighorn Mountains (Osterwald and Dean, 1961,
p. 348). It is about 320 km long and 130 km wide
and is bounded by elongate, blocklike uplifts of
Laramide age, with minor younger movements,
that commonly trend northwestward and are
bounded by high-angle normal and reverse faults
or folds (Osterwald and Dean, 1961, p. 338).

The Powder River Basin is bounded on the west
and southwest by the Pryor uplift, the Bighorn
uplift, and the Casper arch; on the east by the
Black Hills uplift; and on the south by the
Laramie and Hartville uplifts. Structural relief of
the uplifts relative to the basin exceeds 5,500 m
(U.S. Geol. Survey and Am. Assoc. Petroleum Ge-
ologists, 1961). Erosion has exposed crystalline
and metamorphic rocks of Precambrian age in
most of the cores of the uplifts. Paleozoic and
Mesozoic rocks are exposed along the flanks of
the uplifts; then they warp downward into the
basins, where they are covered by thick se-
quences of rocks of early Tertiary age.

The topography of the Powder River Basin is
characterized by low-rolling grass-covered hills
with craggy, clinker-covered crests that are
separated by intermittent and locally perennial
streams. Five major streams drain the Powder
River Basin: the Powder River and Tongue River
to the north, the Belle Fourche River to the north-
east, the Cheyenne River to the east, and the
North Platte River to the southeast (fig. 1). Many
tributaries of these major streams trend north-
west and meander along extensive alluvial valley
floors. This pattern tends to produce a pro-

nounced ridge-and-valley topography oriented in
a northwesterly direction. In some areas within
the basin, however, the tributaries trend pre-
dominantly northeastward, northward, or west-
ward. In these areas the ridges and valleys are
oriented in these directions.

Elevations in the Powder River Basin range
from about 910 m near the northern and north-
western margins of the basin to about 1,620 m in
the Pumpkin Buttes area in the south-central
part of the basin and about 1,560 m at Casper in
the southwestern part of the basin. In the Sher-
idan area, elevations range from about 1,100 m at
the former town of Acme to about 1,220 m near
the Sheridan airport.

Precipitation—an important factor controlling
restoration of surface-mined lands—is variable
both locally and regionally in the Powder River
Basin. On a regional basis, according to the U.S.
Weather Bureau, the 30-year (1931-60) mean
annual precipitation in the Powder River Basin
ranges from 42 cm in the northwestern part, to
36 cm in the northeastern and central parts, to
about 30 cm in the southwestern part. Most of
the Powder River Basin therefore has a semiarid
climate. In the Sheridan area, according to a local
rancher (Dan Scott, oral commun., 1975), the
mean annual precipitation ranges from about
25 ¢m at Acme to about 40 ¢cm at Ranchester,
20 km northwest of Sheridan.

BEDROCK AND COAL DEPOSITS

The bedrock in the western Powder River Basin
comprises predominantly weak rocks of the Fort
Union Formation of Paleocene age. Rocks of the
overlying Wasatch Formation, which crop out
farther east of the subsidence study area, com-
monly are lithologically similar to the rocks of the
Fort Union except that they are somewhat softer
and coarser and characteristically underlie more
rounded hills and ridges and broader valleys (W.
J. Mapel, U.S. Geol. Survey, oral commun., 1975).

The Fort Union Formation consists of soft
siltstones, mudstones, shales, silty claystones,
lenticular sandstones, and locally thick sub-
bituminous coal beds. It is subdivided into three
members by most workers in the area. They are:
(1) the Tullock Member at the base, (2) the Lebo
Shale Member, and (3) the Tongue River Member
in ascending order (Barnum, 1974). The Tullock
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Member, which is exposed about 6.5 km west of
Ranchester, Wyo., is composed of interbedded
mudstone and sandstone with some coal (Bar-
num, 1974). The Lebo Shale Member consists of
soft mudstones, shales, and claystones, with in-
terbedded discontinuous coal beds and thin soft
sandstone lenses. Rocks of the Tongue River
Member in the Acme area, which contain the ma-
jor coal deposits in the area, consist of soft,
argillaceous siltstones, mudstones, coal, and
friable, lenticular sandstones totaling about
365 m (B. E. Law, U. S. Geol. Survey, oral com-
mun., 1976; fig. 5).

The coal beds, which are of subbituminous rank
and contain low percentages of sulfur, thicken
and thin within short distances and are separated
by rocks that range in thickness from about 1 m
to as much as 50 m. The coal beds vary in thick-
ness from less than 1 m to about 17 m, and in
some areas the rock interval between two coal
beds varies in thickness from about 1 m to about
10 m within short lateral distances.

Coal beds in the western Powder River Basin,
which were extensively mined by underground
methods near the old towns of Acme, Dietz,
Kleenburn (Carneyville), and Monarch from the
early 1890’s to the early 1950’s (fig. 4), include the
Carney, Monarch, Dietz 3, Dietz 2, and Dietz 1 in
ascending order (Taff, 1909, p. 129-130). Most of
the coal has been produced by surface methods
since the 1940’s. Currently active or planned
large-scale surface mines are located where a coal
bed is locally thick or where two or more coal beds
are locally thick and the intervening rocks are
thin (figs. 2, 3).

SURFICIAL DEPOSITS

The surficial deposits in the Sheridan area con-
sist of Holocene and Pleistocene colluvium,
alluvium, and local pediment deposits with thin
to moderately thick soil profiles developed on
them (Barnum, 1974). The colluvium, which in-
cludes weathered clays, silts, and sands from
bedrock of the Fort Union Formation and round-
ed to irregularly shaped granules, pebbles, and
cobbles from adjacent uplifts and outcrops of pre-
Tertiary rocks, is concentrated locally on breaks
in slope, in draws, and on valley margins.

The alluvium comprises clays, silts, sands,
granules, and cobbles derived from Fort Union
rocks, from Precambrian rocks in adjacent
uplifts, from resistant pre-Tertiary rocks adja-
cent to the uplifts, and from colluvium. Alluvium,
ranging from about a meter to about 15 m thick,
blankets the valley bottoms and local terraces
above the valley bottoms along major perennial
streams and also the bottoms of draws contain-
ing small or intermittent streams. The upper por-
tion of the alluvium along the Tongue River near
the subsidence study area is predominantly clay,
silt, and sand that is overlain by an organic soil
that supports hay meadows and local grain fields.

BEDROCK STRUCTURE

Rocks of the Fort Union Formation generally
dip 1°-3° eastward in the Acme area. However,
local undulations and local changes in thickness
of lithologic sequences in short distances cause
the rocks to dip more steeply, to dip in the op-
posite direction, or to dip in directions other than
the general attitude. The rocks locally are dis-

FIGURE 5 (overleaf).—Composite geologic section and
geotechnical properties of the bedrock and coal in the
Tongue River Member of the Fort Union Formation from
two core drill holes near the Big Horn coal mine. The Big
Horn mine is located about 13 km north of Sheridan, Wyo.,
in the major coal-bearing portion of the Tongue River
Member of the Fort Union Formation of Paleocene age.
Grain-size distribution—sand-size (wide bar), silt-size (nar-
row bar), and clay-size (line) particles—is shown graphical-
ly in percent of total disaggregated weight. Slake durabili-
ty (Franklin and Chandra, 1972, p. 325-338) is in percent
of material retained in drum after the first cycle of rotation
at 20 rpm for 10 minutes (narrow bar) and percent of
material retained in drum after second cycle of rotation at
20 rpm for 20 minutes (wide bar). Atterberg limits of disag-
gregated core samples, which include plastic limit
(smallest value of horizontal line) and liquid limit (largest
value), are in percent of water relative to the dry weight of
sample. Soil classification terms are described: in Lambe
and Whitman (1969, p. 35) in terms of plasticity (the
numerical difference between liquid limit and plastic limit)
as follows: (1) CL—inorganic, silty clays of low plasticity;
(2} ML—silts with slight plasticity; (3) CH—inorganic
clays of high plasticity; (4) SC—clayey sands, poorly
sorted sand-clay mixtures; and (5) SM—silty sands, poorly
sorted sand-silt mixtures. In MN/m? (meganewtons per
square meter), I lland I L are point-load strength indices
parallel and perpendicular to bedding, respectively.
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placed by discontinuous faults that commonly
dip steeply to vertically and trend east-north-
eastward (B. E. Law, oral commun., 1976).

Joints and lineaments in the bedrock are ex-
pressed as individual fractures on outcrops or by
the trends in stream drainage, and are revealed as
lineaments on aerial photographs. Dominant
trends are northwest, east-northeast, west, and
north. Based on studies of the trends of drainages
on aerial photomosaics and faults and joints
mapped by high-resolution photogrammetric
plotters, a close correlation exists among (1) the
trends of joints and faults in the Fort Union
rocks within the Powder River Basin, (2) the
dominant trends of the uplifts, anticlines, and
flexures adjacent to the Powder River Basin, and
(3) the trends of foliation and joints and faults
within the Precambrian rocks of the Bighorn
uplift (fig. 1).

GEOTECHNICAL STUDIES

The geotechnical and geological properties of
rock above and below the coal beds are important
factors to consider in planning mining activities,
because they control the behavior of the bedrock
in response to surface or underground mining and
also the behavior of the stripped overburden or
spoil after restoration of surface-mined lands. The
properties of the rocks at the outcrop commonly
are so altered from their natural state that
geotechnical test results on rock samples from
outcrops can be misleading. Most weak, soft
siltstones, shales, mudstones, and coal in out-
crops are not preserved well enough to be tested
and appear much weaker than core samples,
whereas most outcropping sandstones are ce-
mented more completely by near-surface ground
water and therefore are stronger at the outcrop
than in unaltered bedrock. Therefore, it is often
necessary to test drill cores in order to obtain
realistic geotechnical results (fig. 5). Some geo-
technical properties of the coal and rock mass
also can be determined from calibrated, downhole
geophysical logging that includes gamma densi-
ty, caliper, and sonic velocity measurements.

Rock masses commonly are much weaker than
strength tests on core samples indicate, because
bedding planes, joints, and faults weaken the
rocks greatly. Cohesion across most of these

discontinuities is zero, or nearly zero. Therefore,
bedded, jointed, and faulted rock masses derive
strength only by confining stress and the result-
ant friction along the various fractures. This con-
fining stress commonly is greatly reduced or
altered by surface and underground mining ac-
tivities.

Other factors that tend to weaken rock masses,
particularly over periods of years or decades, are
the effects of weathering, wetting, and drying by
fluctuation and movement of ground water and
exposure to air. An example of how rock masses
are weakened by the movement of surface and
ground waters can be seen in surface mining
operations in the western Powder River Basin.
Highwalls ranging from 7.5 m to more than 30 m
high commonly stand nearly vertical for periods
of weeks or months in operating surface mines
(figs. 2, 3), but they weaken and fail by rockfalls,
landslides, or other mass-gravity movements over
periods of years or decades under the effects of
alternate wetting, drying, freezing, and thawing
of water along fractures and bedding surfaces
(fig. 6).

The stable slope angle of fractured and jointed
bedrock on strip mine highwalls ultimately may
be less than the stable slope angle of a broken-
up pile of the same rock, because open joints and
tension fractures behind the rims of highwalls
provide avenues for water to flow, as well as to
freeze and thaw, whereas the broken counterpart
of the bedrock in spoil piles at the angle of repose
appears to be less permeable and therefore less
susceptible to the effects of water. Graded spoil
material, however, might absorb surface water
readily and fail, unless the graded slopes are de-
signed in accordance with soil engineering prop-
erties of the broken-up and mixed overburden
material (Terzaghi and Peck, 1967, p. 31-35;
Lambe and Whitman, 1969, p. 33-38). Results of
these tests should be considered, in addition to in-
place soil properties, potential land use, and exist-
ing climatic conditions, before benching and final
grading requirements of highwalls and require-
ments for grading restored spoil in surface mines
are specified.

As an aid in evaluating the behavior of the Fort
Union bedrock in response to past, present, and
future coal mining, field and laboratory tests
were conducted on cores from two drill holes in
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Although complicated by mining and geologic
factors, such as adjacent mining areas, mining of
vertically superposed coal beds, topography,
lithology, and structure, the differential lowering
of the overburden strata and the ground surface
above subcritical, critical, and supercritical min-
ing areas produces within the overburden and at
the surface: (1) vertical displacement, (2) horizon-
tal displacement, (3) tilt, (4) convex (positive) and
concave (negative) curvature, and (5) tensile and
compressive strain and local rupture (fig. 144, D).

As vertical displacements occur within sub-
sidence depressions, tensile stress and attendant
strain occur at the margin of the depression due
to positive curvature and reach a maximum at
the point of maximum curvature (fig. 144, D).
The tensile strain reaches zero at the point of in-
flection, where the ground tilt reaches a max-
imum. The stresses and resulting strains become
compressive inward from the point of inflection
due to negative curvature and reach a maximum
at the point of maximum negative curvature.
Above critical or supercritical mining areas,
negative curvature and tilt decrease inward and
are zero where the curvature is zero. Compressive
stresses and strains may be greater above sub-
critical mining areas than they are above critical
or supercritical areas because two zones of com-
pressive stress commonly are superimposed.

Tensile stresses and strains often are greater
above coal barriers between two adjacent mine
areas where tensile stresses, caused by positive
curvature at the margins of the two adjacent
depressions, are superimposed (Dunrud, 1976a,
p. 4-5; Shadbolt, 1978, p. 727-728). As mining
proceeds, the strata and surface are subjected to
all these types of deformation until the mining no
longer influences the surface. Shear stresses and
strains also are generated along major lithologic
boundaries by flexure of strata caused by down-
warping of the rock mass into mine cavities. Fur-
ther information on deformations produced by
subsidence can be found, for example, in Shad-
bolt (1978, p. 705-748), in the Subsidence
Engineers Handbook of the United Kingdom (Na-
tional Coal Board, 1966, 1975), Dunrud (1976a),
Peng (1978, p. 281-342), Singh (1979, p. 92-112),
Salamon (1978, p. 187-208), and Pottgens (1978,
p. 267-282).

Subsidence depressions may not occur, or at
least may not be evident without the use of pre-
cision surveying instruments, above room-and-
pillar mine areas where only a small percentage of
the coal is removed (figs. 8, 11, 144, B, C). In
these areas pits may eventually form if the over-
burden is not thick enough for the cavities to
close by bulking of the caved debris. Subsidence
pits can occur suddenly and without warning
where depressions do not occur. These pits com-
monly are deeper than the pits within depres-
sions. Pits within subsidence depressions indi-
cate that coal pillars or parts of pillars are present
in the mine openings below, but that these pillars
are not strong enough to support the weight of
the overburden completely (figs. 7, 8, 14A). Con-
sequently, the overburden and surface subside,
but not as much as if all the coal were removed.
Pits form later, sometimes decades later, when
the zones of compressive stress above individual
mine openings or above the intersections of two
mine openings migrate to the surface. The total
depth of the depressions and pits may be nearly
as deep as or sometimes even deeper than the
height of the mine workings, because the col-
lapsed material may spread laterally into adja-
cent mine openings, particularly where water is
present in the mine workings to promote it.

The surface area affected by subsidence com-
monly is greater than the area mined where all or
much of the coal is removed (fig. 14D; A, right
side), and particularly where the overburden is
thicker than about 60 m. The draw angle or limit
angle ¢ is defined as the angle,referenced to the
vertical, made by drawing a line from the margins
of the depressions or affected surfaces at the sur-
face down to the margins of the mine area causing
the subsidence. Studies in abandoned coal mine
areas north of Sheridan, Wyo., indicate that the
draw or limit angle is steep to nearly vertical
where the overburden is less than about 60 m
thick. This angle is nearly 0 above barrier pillars
between two adjacent mining panels and ranges
from 10° to 25° above solid coal barriers in mod-
erately strong Upper Cretaceous Mesaverde
rocks in the Somerset district, Colorado (Dunrud,
1976a, p. 34). However, the limit angle might
range from 0° to 35° in many mines of the West,
depending on overburden thickness, mining



28 EFFECTS OF COAL MINE SUBSIDENCE IN THE SHERIDAN, WYOMING, AREA

methods, geology, and topography. In the Lim-
burg coal mining area of the Netherlands, the
limit angle is approximately 45° (P6ttgens, 1978,
p. 267), whereas it averages 35° in British coal
fields, but may be less in deeper mines, according
to Shadbolt (1978, p. 726). The limit or draw angle
probably changes attitude with lithology, struc-
ture, strength, and depth of overburden.

The angle of break, or break angle # —which is
the angle of inclination of a line connecting points
of maximum tensile stress and strain, from the
edge of the mine workings to the surface—is less
than the angle of draw. The break line—the line
connecting points of maximum tensile stress and
strain—normally is not straight, but steepens in
thick, strong rocks and flattens in thin, weak
strata. In the Sheridan, Wyo., area and in the
Beulah, N. Dak., area, the break line appears to
be nearly vertical to perhaps slightly negative;
that is, dipping steeply away from the mine open-
ing (fig. 14A). In the Limburg area of the
Netherlands, the break angle is about 20° (P6tt-
gens, 1978, p. 269). Knowledge of limit angle and
break angle is important in land-use planning
because these angles determine the limits of
deformation.

Information regarding the rate and amount of
subsidence and attendant surface strain that can
be expected for mined-out areas of various widths
and heights and for various overburden thick-
nesses of more than about 60 m can be found, for
example, in Zwartendyk (1971); in the Subsidence
Engineers’ Handbook (National Coal Board,
1966, 1975); in Salamon (1978, p. 187-208);
Dunrud (1976a, p. 3-36); Brauner (1973a, b); and
Pottgens (1978, p. 267-282). However, little or no
specific information is available on the rupture
limits in tension and compression of various
types of bedrock or surficial material in any
sources known by the authors. Studies to 1978 in
the western Powder River Basin show that the
rupture limit of bedrock (limit of strain at which
rupture occurs)—consisting of weak, soft silt-
stones, claystones, shales, lenticular sandstones,
and coal beds—is significantly lower than that of
the soil and colluvium overlying the bedrock.
Cracks as wide as 15-20 cm were observed in
bedrock but were not observed in overlying col-
luvium or soil cover except where holes caused by
piping failure or the activities of man or animals
identified the underlying cracks (fig. 10).

Deformation of the soil and colluvium under
tension was observed at the margins of sub-
sidence depressions (figs. 7, 8, 9). Cracks were
common in soil and colluvium where differential
vertical settlement was more than about 0.8 m
within a lateral distance of 3-6 m in overburden
9-25 m thick. Cracks were rare in soil and col-
luvium at the margins of subsidence depressions
where differential vertical settlement was less
than about 0.6 m within 3-6 m in horizontal
distance. It is not known whether or not the
underlying bedrock is cracked beneath the soil
and colluvium.

MODERN COAL MINING

Subsidence caused by modern underground
coal mining beneath overburden less than about
60 m thick, or less than about 10-15 times the
thickness of coal mined, cannot be evaluated in
the Powder River Basin and in western North
Dakota, because no underground mines are cur-
rently operating in these areas. As far as is
known by the authors, nearly all current mining
in thin overburden is done by surface methods
in the United States as well as in the rest of
the world, because it is more feasible from an
operational and economic standpoint. The recent
Subsidence Engineers’ Handbook from the NCB
(National Coal Board of the United Kingdom,
1975, p. 9), for example, does not predict sub-
sidence amounts where overburden above long-
wall coal mines is less than about 50 m thick.
Subsidence information from NCB also does not
apply to pillar and stall (room-and-pillar) mining
(1975, p. 40) because coal pillars remaining after
mining as well as mine roofs and floors may fail
for many years due to stress concentrations and
(or) wetting of claystones and shales susceptible
to deterioration by water. Information on the ef-
fects of modern coal mining by underground
methods in overburden less than about 60 m
thick appears to be rare or nonexistent.

In compliance with recently enacted Federal
Coal Mining Operating Regulations (Federal
Register, 1976, 30 C.F.R. 211, May 17, 1976,
p. 20261-20273), underground mining of coal on
Federal lands may be required in areas where the
overburden is of variable thickness because of
topography or structure, is locally less than
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about 60 m thick, but commonly is too thick to
mine by surface methods. One primary purpose
of the Coal Mining Operating Regulations
(Federal Register, 1976, 30 C.F.R. 211.1(b),
May 17, 1976, p. 20261) is to:

£

‘. .. assure the orderly and efficient prospect-
ing, exploration, testing, development, mining,
preparation and handling operations, and pro-
duction practices without avoidable waste or
loss of coal or other mineral resources or
damage to coal-bearing or other mineral-
bearing formations. ...”

The first part of the section on “Underground
mining, maximum recovery’’ (Federal Register,
1976, 30 C.F.R. 211.30, May 17, 1976, p. 20268)
stated that:

“Underground mining operations shall be con-
ducted so as to yield a maximum recovery of
the coal deposits consistent with the protection
and use of other natural resources, sound
economic practice, and the protection of the en-
vironment—land, water, and air.”

Accordingly, if appropriate from an environ-
mental and resource protection standpoint, mining
plans for particular areas may include provisions
for mining coal by underground methods beneath
overburden less than about 60 m as adjacent coal
beneath overburden thicker than about 60 m is
mined. In these areas, unless a company planning
underground mining operations could negotiate
with a surface mining company to mine the coal
beneath the thinner overburden or unless the
underground company had surface mining equip-
ment, the coal beneath overburden less than
about 60 m thick might be mined by underground
procedures.

In order to evaluate the overall effects on the
environment and on resources caused by under-
ground coal mining beneath thin overburden,
future mining sites should be studied to deter-
mine such factors as (1) limit or draw angle and
break angle, (2) subsidence amount and rate, and
(3) local deformation. Studies by the authors
(Dunrud and Osterwald, 1978a, b) and others (for
example, Gentry and Abel, 1978, p. 202-203;
Shadbolt, 1978, p. 729) in areas where the over-
burden is thicker than about 60 m show that sub-
sidence above modern underground mines com-
monly equals 60-90 percent of the thickness of
coal mined. In the Limburg coal mining area of

the Netherlands, maximum subsidence is as much
as 96 percent of the extracted coal thickness
(Pottgens, 1978, p. 269). Deformations, in the
form of tension cracks, commonly occur at the
margins of subsidence depressions, and compres-
sion bulges locally occur within the depressions
provided that the areas mined are at least as wide
and as long as the overburden is thick (critical
mining area) and that the maximum amount of
coal that can be safely and economically ex-
tracted is removed (fig. 15; Dunrud, 1976a, b).

Topography, lithology, structure, and amount
of water present in overburden rocks control the
rate and amount of subsidence as well as the
nature of surface deformation. However, as in-
dicated previously, the mining thickness, areal
extent of mining, mine geometry, and overburden
thickness commonly are the dominant controlling
factors.

Tension cracks commonly are wider, more
abundant, and more extensive near cliffs and
steep terrain than they are in flat or gently rolling
topography (Dunrud, 1976a, p. 12). Results of
subsidence measurements above a supercritical
longwall mining area in the York Canyon Mine
near Raton, N. Mex.,, where rugged canyon
topography is underlain by moderately strong
mudstones and sandstones less than about 225 m
thick, show that cracks are more extensive and
abundant and the horizontal movement was
much greater on steep slopes where mining pro-
gressed from beneath thicker towards thinner
overburden than it was on slopes of similar grade
which progressed from beneath thinner towards
thicker overburden. In addition, the total amount
of subsidence was from 25 to 30 percent greater
on ridges than it was in valleys (fig. 15; Gentry
and Abel, 1978, p. 203-204). Horizontal surface
strain was as much as twice as great as predicted
from studies in the United Kingdom.

A similar effect of topography on surface crack-
ing was observed in the fall of 1977 in the
Somerset, Colo., area, where moderately strong
sandstones, mudstones, and shales 100-200 m
thick underlie very rugged topography. Numer-
ous tension cracks, some as much as 50 cm wide,
occurred on a steep slope facing in the direction of
pillar extraction above a room-and-pillar mining
area where coal was mined from beneath a ridge
towards a canyon bottom, whereas cracks were
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rare and only a few centimeters wide on a similar
slope facing in a direction opposite to the direc-
tion of pillar extraction, where mining progressed
from the canyon bottom toward the next ridge.

In overburden consisting of strong rocks, such
as well-cemented sandstones, the draw or limit
angle steepens and the total amount of subsi-
dence sometimes is less, compared to weaker
shales and mudstones (Dunrud, 1976a, p. 5-7).
Strong rocks, such as well-cemented sandstones,
siltstones, and limestones, may also break into
larger fragments than shales or mudstones. Sub-
sidence amounts may be less in strong, massive
rocks than in weak rocks because of higher bulk-
ing factors in caved zones near the mine workings.

Structural features, such as joints and faults,
commonly localize subsidence movements. Open
cracks can occur along joints in well-cemented
sandstones and other strong rocks, particularly
near cliffs (Dunrud, 1976a, p. 8-12). Subsidence
can be localized and concentrated along faults,
even in thick overburden. Extensive offset sub-
sidence cracks were observed by the authors in
Carbon County, Utah, in 1977; they occurred in
strong overburden, along fault projections as
much as 700 m above the elevation of room-and-
pillar mines that were driven in the late 1950’s
and early 1960’s.

Backfilling mine openings with mine tailings or
other available material during mining might
reduce the amount of subsidence by about 50 per-
cent (fig. 15) and perhaps reduce the rate of
subsidence as well, which also commonly would
reduce surface damage. This practice, however, is
costly, particularly after the mines are aban-
doned. Abandoned coal mines that have not yet
been affected by subsidence cover some 170,000
hectares (418,000 acres) in the 25 coal-producing
States. Costs to backfill these mines have been
estimated at $12.5 billion by the U.S. Bureau of
Mines (Johnson and Miller, 1979, p. 9).

The amount of water present in, or available to,
the overburden from the surface also may control
the amount and rate of subsidence. In areas
where large amounts of ground water are re-
ported to be common in the overburden, such as
in the Netherlands (Pottgens, 1978, p. 267) and
the United Kingdom (Piggott and Eynon, 1978,
p. 752), subsidence amounting to 90-96 percent
of the thickness of coal mined is common in

supercritical mining areas, whereas in the Somer-
set, Colo., and Raton, N. Mex., areas—where
small amounts of ground water are present in the
overburden—subsidence amounts to about 70
percent of the mining thickness. Rock fragments
in caved zones above the mine workings, par-
ticularly fragments of weak rocks such as shales
and mudstones, may be significantly smaller
where submersed in water than in dry or slightly
wet zones.

COAL MINE FIRES

Coal mine fires are common in abandoned mine
workings in the Sheridan, Wyo., area. The fires
threaten both the environment and adjacent un-
mined coal deposits (fig. 16). According to the
U.S. Bureau of Mines (Johnson and Miller, 1979,
p. 19), about 250 uncontrolled fires are burning in
abandoned underground coal mines in 17 States
located primarily in the east and the west, of
which about 195 are located in the Western
States and approximately 150 in the States of
Montana, Colorado, Wyoming, and North
Dakota. Studies by the authors show that fires
are burning in about a 3-km? area in parts of at
least five abandoned coal mines 10-20 km north
of Sheridan, Wyo. Other areas of various under-
ground mines may be on fire that have not yet
been detected.

Most of the fires apparently started in these
abandoned mines by spontaneous ignition when
oxygen and water were introduced to the mine
workings through subsidence cracks and pits and
unsealed portals or shafts. Ignition probably oc-
curred initially in piles of coal consisting of
fragments of various sizes and fine dust that re-
mained in the abandoned mines where oxygen
and water were available in proportions con-
ducive to combustion. Reports published during
the past 50 years of laboratory studies-on spon-
taneous heating and ignition of coal (Kim, 1977,
p. 2-6) reveal that (1) availability and flow of oxy-
gen, (2) particle size, (3) rank of coal, (4) changes in
moisture content, and (5) other factors, such as
temperature, pyrite content, geologic structure,
and mining practice, are the prime factors caus-
ing spontaneous heating and ignition. Coal rank
and changes in moisture content appear to be two
of the more important factors.
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firepit in the northern part of the Acme mine first
breached to the surface (figs. 16-20). The fire
burned about 1.5 km? of winter range grass and
trees before it was brought under control.

All these environmental hazards limit the value
of the land above these abandoned mine workings
for agricultural, residential, or industrial develop-
ment. Damage is compounded when the value of
the lost coal is added to the damage done to the
surface and to any overlying coal beds that often
catch fire.

Periodic geologic and seismic studies of the
Acme and New Monarch mine areas show that
the fires are increasing in size and are spreading
into unmined coal. It is estimated that at least
five different fires are burning over a 3-km? area
(fig. 4). Other fires, such as reported in the Black
Diamond mine in 1911 (Kuzara, 1977, p. 215-216),
may still be burning although there presently is
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FIGURE 25.—Graph showing the daily number of small earth
tremors at a seismometer station located near the firepit in
the northern part of the Acme mine. The station was
located about 185 m from the firepit from September 29 to
October 19, 1975, then was moved to within about 30 m of
the firepit. Note the approximate tenfold increase in
number of events when the station was moved closer to the
firepit. The earth tremors apparently are caused by the
breaking and collapse of overburden material and perhaps
by small underground explosions.

no surface evidence of a fire. Unmined coal beds
of economic value locally overlie mine areas that
are on fire, and they are threatened by the
spreading fires below (figs. 4, 16-24). Seismic
studies in the Acme and New Monarch mine
areas also indicate that collapse and possibly
underground explosions are increasing rapidly in
these areas. Fires of this magnitude, in the opin-
ion of the writers, may best be controlled by con-
structing a strip mine firebreak, isolation barrier,
or isolation trench (Johnson and Miller, 1979,
p. 18-21) around the burning area in order to cut
off the supply of coal available to the fire. Care-
fully planned strip mining of the coal around fire
areas, using mining procedures that protect per-
sonnel from subsidence and fire hazards, may be
the best method to control fires in underground
mines less than about 60 m, or about 10-15 times
the coal thickness, below the surface and also
might be economic in areas where large amounts
of coal remain in place. Many local ranchers, coal
operators, and others also favor timely strip min-
ing around and within fire areas as the most effec-
tive control measure (figs. 16-24).

Water introduced from the surface seems only
to increase the intensity of fires in this sub-
bituminous coal. Other methods of control, such
as hydraulically backfilling a slurry of retardant
material through drill holes to the fire areas or
operations to seal the fire, as done by the U.S.
Bureau of Mines in several areas (for example,
Whaite and Allen, 1975, appendix by Carlson),
probably would not be cost effective on a fire the
size of the Acme mine fire. Moreover, it would not
recover any remaining coal.

Studies of coal mine fires suggest that the
potential fire hazard also should be considered in
planning in-place coal gasification or oil shale
retorting activities. It would seem that advanc-
ing fire fronts can only be controlled as long as
the supply of oxygen and withdrawal of gases are
under controlled conditions. The presence of
underground voids could create subsidence and
cracks in the overburden that might allow the fire
to intake air and exhaust gases independently
from the designed system which, in turn, could
result in out-of-control fires. The key factor is to
control subsidence by either backfilling or de-
signing the gasification or retorting operation
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such that the cavities are small enough and the
overburden is deep enough to provide a stable
overburden above stable rubble-filled cavities
(fig. 14A). (See Shoemaker and others, 1979,
p. 140-153, for examples of coal gasification
model studies.)

HAZARDS IN RELATION TO LAND USE

The hazards to people, animals, and structures
caused by coal mining activities can significantly
affect future uses of the land because the severity
of subsidence hazards may govern how mined
lands are developed. Two of the basic hazards
caused by coal mining—subsidence and land-
slides—also are identified as geologic hazards in
“Warning and preparedness for geologic-related
hazards, April 12, 1977” (Federal Register,
1977a, Proposed procedures, p. 19292-19296). A
geologic hazard is defined in this document as:

‘... a geologic condition, process, or potential
event that poses a threat to the health, safety,
or welfare of a group of citizens or to the func-
tions or economy of a community or larger
governmental entity ..."” (p. 19292).

Coal mine subsidence hazards to people include
the sudden collapse of the ground surface above
mine openings (figs. 7, 8, 11, 12, 13), above ten-
sion cracks bridged by soil (figs. 9, 10), or collapse
above cavities created by underground coal fires
(figs. 16-20). Subsidence also can occur in spoil of
surface mines, particularly in areas where in-
creased surface loading and (or) rising water
tables cause a reduction of porosity (Charles and
others, 1978, p. 229-251). The greatest hazard to
life and property in the Sheridan, Wyo., area is
the sudden collapse of the ground surface into
underground fires. In addition to ground col-
lapse, the effects of tension, compression, and tilt
due to the formation of depressions can damage
structures beyond repair. Larger structures with
small tolerances for deformation—such as multi-
story apartment buildings (Thorburn and Reid,
1978, p. 87-99), schools (Stephenson and Aughen-
baugh, 1978, p. 100-118), factories, and
powerplants—commonly will sustain the greatest
damage unless they are designed to withstand

the stresses and deformations caused by sub-
sidence.

Landslides, which include rockfalls, slides,
slumps, and earthflows on surface mine highwalls
or reclaimed spoil material, can be a hazard to
people and equipment during mining operations
and also to people and structures after restora-
tion, abandonment, and subsequent development
of the mined land, unless proper grading, compac-
tion, and vegetation procedures are followed.
Small landslides on subsidence pits and cracks
could damage adjacent structures or perhaps be a
hazard to people and animals in the area. Land-
slides also may be triggered by subsidence on
unstable slopes or, conversely, the increased sur-
face loading from landslides above unstable mine
openings may cause further subsidence.

Subsidence pits and cracks caused by under-
ground mining and underground fires currently
are a hazard to only a few persons traveling in the
area and to animals. However, should lands
underlain by underground mines be developed for
either residential or industrial use, a hazard to
many people and structures could exist in much
of the area above abandoned underground mines
(fig. 4). Abandoned coal mines with surface subsi-
dence features are located in other areas in the
western Powder River Basin that are not in-
cluded in figure 4. Maps showing such aspects as
present subsidence areas, fire areas, areas
underlain by coal mines, thickness of overburden,
and thickness of coal mined are needed to more
precisely delineate current and potential hazard
areas. (See also Ivey, 1978, p. 163-174.) Struc-
tures for residential or industrial use should not
be sited above abandoned mines unless existing
underground voids are located by systematically
compiling appropriate subsidence and land-use
maps and by conducting on-site engineering geo-
logic studies, by drilling and geophysical studies
where needed (Ivey, 1978, p. 163-174), or by other
methods, and stabilized by such procedures as
backfilling or grouting. Surface structures also
might be designed to withstand the effects of
subsidence in lieu of stabilization procedures.
(For examples see National Coal Board, 1975,
p. 64-95; Bell, 1978, p. 562-578; Johnson and
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Miller, 1979; Geddes, 1978a, b; Shadbolt, 1978,
p- 739-744; and Wood and others. 1978.

SUMMARY AND CONCLUSIONS

Subsidence studies in the western Powder
River Basin and in western North Dakota indi-
cate that, in overburden less than about 60 m
thick or less than about 10-15 times the thick-
ness of coal mined, the land surface can be re-
claimed and returned to its original use, or to
some other use, more quickly, easily, and cheaply
if thick coal beds are mined by surface methods
than if they are mined by underground methods,
provided that proper restoration procedures are
followed. Subsidence above room-and-pillar work-
ings driven 25-80 years ago is still hazardous to
man, animals, and the environment, and may con-
tinue to be a hazard for many years or many
decades to come. Studies of subsidence above cur-
rent underground coal mines indicate that subsi-
dence effects—such as depressions, cracks, and
bulges—would be caused by modern under-
ground mining procedures, where the amounts of
coal reserves extracted are acceptable in terms of
economics, conservation, and hazard reduction.
Depressions and cracks also disrupt the normal
flow of surface and ground water.

Some subsidence pits, particularly in areas
where the most dramatic and potentially hazard-
ous collapses occur, may be deeper than the orig-
inal height of the mine openings, because (1) the
material spreads or is transported laterally into
adjacent mine openings as it collapses, particu-
larly in water-filled mine openings, (2) it compacts
more than the state of the original material due to
wetting and drying, or (3) it is subjected to both
of these processes.

Coal recovery from thick coal beds in the weak
rocks of the Tongue River Member of the Fort
Union Formation is much greater, and long-range
environmental problems are smaller, when
modern surface mining procedures are employed
rather than underground room-and-pillar mining,
where the overburden is less than about 60 m
thick, or where the overburden thickness is less
than about 10-15 times the mining thickness. In
view of current coal mining technology and the

subsidence effects from modern underground
coal mining, surface mining may be the best way
to produce coal in any area where coal thickness
and overburden conditions make the operation
economical, provided that proper restoration pro-
cedures are followed.

Coal mine fires, which often start by spon-
taneous ignition in the subbituminous and
lignitic coal fields of Montana, Wyoming, and
North Dakota, increase the damage to the en-
vironment manyfold compared to normal sub-
sidence damage. The fires also consume large
amounts of valuable energy resources as they
create unsightly and hazardous steaming and
smoking cracks and firepits, and pollute the air
and water. Strip mine firebreaks appear to be the
most effective way to control large underground
fires beneath thin overburden, such as the large
fires in the Acme and New Monarch mines. Most
of the fires start spontaneously with the entry of
oxygen and water through subsidence cracks.
Once started, the fire spreads by creating larger
cavities, increased subsidence, and additional
cracks to intake oxygen. Careful consideration
should therefore be given to subsidence and
possible cracking in planned in-place gasification
or retorting of combustible hydrocarbons such as
oil shale.

Results of this report reveal a paradox. The
land devoid of subsidence features, and therefore
the most desirable for development, may be the
most hazardous to develop if the area (1) is
underlain by room-and-pillar mine workings, (2)
the overburden depth is less than about 60 m
thick or about 10-15 times the original height of
the mine workings, and (3) sufficient coal remains
underground adjacent to unstable mine openings
to support, or partially support, the overburden.
In these areas the land surface may be unaffected
by subsidence for many years, or even hundreds
of years, depending on the strength of the rock
and the hydrologic conditions in the overburden.
However, when and if surface collapse occurs as a
result of successive collapse above the mine open-
ings, the resulting pits can be much more of a
threat to people, animals, and structures than the
normal subsidence depressions and boundary
cracks that commonly occur above mine work-
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ings where all, or nearly all, the coal was removed.

In the opinion of the writers and others (for ex-
ample, Ivey, 1978, p. 174), guidelines are needed
to assure that all available mining and mine sub-
sidence information is systematically assembled,
evaluated, and made available to land-use plan-
ners before mined lands are developed for residen-
tial or industrial use or other uses involving the
public welfare.
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