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SUMMARY OF THE U.S. GEOLOGICAL SURVEY AND U.S. BUREAU OF LAND
MANAGEMENT NATIONAL COAL-HYDROLOGY PROGRAM, 1974-84

Edited by L.J. BRITTON, C.L. ANDERSON, D.A. GOOLSBY, and
B.P. VAN HAVEREN

ABSTRACT

During the decade 1974-84, the U.S. Geological Survey and the U.S.
Bureau of Land Management cooperated on investigations to collect
information and to study hydrologic processes related to development
and mining of federally owned coal. In addition, the U.S. Geological
Survey conducted similar investigations related to nonfederally owned
coal. As aresult of these nationwide investigations, a large quantity
of hydrologic information and data has been collected and compiled
in more than 500 reports. This report summarizes the major findings
and accomplishments that have resulted from data-collection activities,
hydrologic studies, and research concerned with the effects of coal
mining on water resources.

This summary report includes: (1) A description of the Nation’s coal-
and water-resource issues related to coal development, including
history, objectives, and design of the coal-hydrology program; (2) a
summary of the hydrologic information collected in the major coal
provinces and published in more than 500 reports and journal articles;
and (3) a summary and application of results obtained from topical
studies undertaken throughout the program, including discussions
on watershed modeling, salinity modeling, ground-water flow systems,
geochemistry of mine spoils, mine drainage, sedimentation, and aquatic
biology. A detailed ooal-hydrology reference list concludes the report.

INTRODUCTION

During 1974, the U.S. Geological Survey and the U.S.
Bureau of Land Management began cooperative coal-
hydrology investigations to collect information and to
study hydrologic processes related to development of
some federally owned coal resources. With passage of
the Surface Mining Control and Reclamation Act in
1977, Congress directed the U.S. Geological Survey to
expand the coal-hydrology studies to other coal prov-
inces nationwide and to include nonfederally owned coal.
Results from these investigations were to be used in
making coal-leasing decisions to help minimize effects

Manuscript approved for publication August 20, 1986.

of coal mining on water resources. As a result of these
investigations, a large quantity of hydrologic informa-
tion and data has been collected and published, and ma-
jor accomplishments related to the understanding of
water-resource and coal-hydrology issues have been
realized. Results of these studies have been published
in more than 500 reports. However, until now a con-
solidated summary of the major findings of these
nationwide investigations has not been published. A na-
tionwide summary will be of considerable use to Federal
and State agencies concerned with land-use planning
and with regulation and enforcement of land-use and
resource-development plans. In addition, an important
result of the many coal-hydrology investigations was
to indicate additional hydrologic information and
research needs that warrant further study.

This report describes the Nation’s coal- and water-
resource issues related to coal development; the history,
objectives, and program design of the Federal coal-
hydrology program; and the Federal government’s role
in coal- and water-resource issyes. The report sum-
marizes the major findings and accomplishments that
have resulted from the nationwide studies concerned
with the effects of coal mining on water resources.
Finally, this report includes a discussion concerning ap-
plication of the results obtained from the many multi-
disciplinary studies that were undertaken during the
Federal coal-hydrology program regarding land-use
planning, coal leasing, and land reclamation.

This report is based primarily on information con-
tained in a series of reports that generally characterize
the hydrology of individual coal areas throughout the
Nation. These reports are referenced, as is other perti-
nent literature on the various subjects discussed, and
the reader is urged to consult the literature for a more
thorough discourse.
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WATER RESOURCES

By HUGH H. HUDSON

A close relation exists between water and coal; it
begins prior to coal mining and persists even after the
land is reclaimed. Water may be pumped from the mine
and used in the mining and coal-handling operations to
cool condensers and to dispose of wastes. The effects
of coal development on water resources vary as great-
ly as do the hydrologic and geologic conditions in the
Nation’s major coal regions. There are obvious physical
differences in the coal-water relation between the humid
eastern coal regions of the United States and the more
arid western coal regions. There also are more subtle
differences that result from the relative abundance or
scarcity of water, the intensity of competition for its
use, and the traditional uses of water in different parts
of the Nation.

This part of the report is intended only to identify the
major water-resource characteristics of the coal regions,
to illustrate differences, and to provide a basis for com-
paring the coal-water relations between eastern and
western coal regions.

The major rivers associated with the coal regions have
helped determine locations of population centers and in-
dustrial developments and have shaped patterns of
water use in those regions. The Eastern and Interior
Provinces are drained by the Nation's largest rivers (pl.
1). The Eastern region of the Interior Province is
bordered along its western edge by the Mississippi
River, and the Ohio River flows across its southern tip,
transporting water from the coal fields of the northern
and central parts of the Appalachian region. The Ten-
nessee River originates in and drains most of the
southern part of the Appalachian region. The Missouri
River flows @cross the north-central part of the Western |
region of the Interior Province; the Arkansas River
flows across its southern part. The principal rivers of
the Northern Great Plains and Rocky Mountain Prov-
inces are the Colorado, Missouri, North Platte, and
Yellowstone Rivers.

The large rivers in the Eastern and Interior Provinces
and the many reservoirs that regulate the flow of these
rivers provide routes for barge transportation and, with
some exceptions, ample supplies of water for power
generation and other uses. The population centers and
industrial developments that require large volumes of
water from dependable sources derive most of their sup-
plies from the rivers and reservoirs. Thermoelectric and
hydropower generation substantially uses the largest
quantity of water; most of this water is supplied from
surface-water sources.

In the Northern Great Plains and Rocky Mountain

Provinces, irrigation is extensive in the valleys of the
perennial streams, in the plains areas, and even in near-
desert areas. Irrigation is supplied primarily by water
from surface sources, and throughout the Western
United States, streams and reservoirs supply most of
this water. Agriculture, including irrigation, uses the
largest quantity of water.

Some small streams in the Eastern and Interior Prov-
inces are not dependable sources of supply. Typically,
the small streams that occur in the coal fields drain thin
soils that overlie dense, impermeable rocks and tend to
cease flowing during dry spells. Runoff, especially from
hilly or mountainous areas, is rapid, and little water re-
mains in ground-water storage to sustain base flows.
The base flows of many streams, especially those in the
northern part of the Appalachian region, are sustained,
in part, by seepage from mines that often is acidic and
consequently problems may occur downstream and in
hydraulically connected aquifers.

In the Northern Great Plains and Rocky Mountain
Provinces, streams much larger than many perennial
streams in the Eastern States are ephemeral. Those that
head in the mountains transport large volumes of
snowmelt during the spring and early summer; at other
times of the year, low flows are maintained by springs
and seeps from shallow ground-water storage. Those
streams that originate at lower altitudes charac-
teristically flow only during periods of snowmelt or sum-
mer thunderstorms. Evaporation and transpiration
substantially diminish quantity of flow, especially in the
drier Colorado River basin.

Regional dependence on surface water tends to
obscure the critical local importance of ground water.
Beyond the distribution limits of surface water, ground .
water supplies the needs of industry, communities, and
farms and ranches. But in large areas, especially in the
Eastern and Interior Provinces, the geologic conditions
that curtail low streamflows also produce an in-
hospitable ground-water environment. Water may be
obtained from bedrock at almost any location, but
yields typically are small, and the water sometimes is
very mineralized.

In parts of the Northern Great Plains and Rocky
Mountain Provinces, saturated coal seams and associ-
ated sandstones are used as aquifers and provide
adequate quantities of water to supply local needs.
Elsewhere, alluvial aquifers or deeper sandstones are
the principal sources of domestic and stock supplies.

There are, however, fortunate exceptions to other-
wise meager opportunities for the development of

9



10 SUMMARY OF THE NATIONAL COAL-HYDROLOGY PROGRAM, 1974-84

ground-water supplies. Large wells developed in thick
deposits of sand and gravel in the valleys of major
streams and in buried ancestral valleys or in solution
zones of carbonate rocks yield copious quantities of
water; the occurrence of such aquifers is not common,
however, and is of limited regional importance.

Even a cursory description of the water resources of
hydrologically diverse coal regions is incomplete—
possibly misleading—without acknowledging the in-
stitutional and legal constraints on water use. In the
Eastern and Interior Provinces, streamflows are avail-
able to users in unquantified amounts under the riparian
system of water allocation. However, in the Northern
Great Plains and Rocky Mountain Provinces, the prior-
appropriation doctrine applies; water use not only is
quantified but also must be determined to be beneficial.
Beneficial uses commonly are ranked by priority, and
first priority usually is given to domestic and agri-
cultural needs with an occasional bias against the use
of water for energy development. At least two Western
States have either banned or required legislative ap-
proval for the use of water to transport coal out of State
via slurry pipeline.

Use of water in the Northern Great Plains and Rocky
Mountain Provinces also is constrained by interstate
compacts or by court adjudications that apportion
the flow of rivers between States. The Colorado, North
Platte, and Yellowstone, and several other western
interstate streams are subject to such constraints.
Apportionment of Colorado River water among the
upper-basin States is by compact, but a separate
compact between the States of the upper and lower
basins and a treaty with Mexico also have to be
satisfied.

The legal systems that control ground-water develop-
ment and use in the Eastern and Interior Provinces
vary from absolute ownership of water with the overly-
ing land in one State to reasonable use of water with
or without a permit in the other States. Western States
contain large tracts of land administered by the U.S.
Departments of Agriculture and the Interior or owned
by native Americans. Proprietary, reserved water rights
that are, as yet, unquantified are associated with both
groups. Prior appropriation and permit is the univer-
sal system in the Northern Great Plains and Rocky
Mountain Provinces.



























FEDERAL ROLE IN COAL AND WATER ISSUES?

By HUGH H. HUDSON

Water issues that are concurrent with coal develop-
ment involve the statutory functions and respon-
sibilities of several Federal agencies. Laws, regulations,
and policies concerned with natural resources, public-
lands management, energy, mining operations, and the
environment are shared by the U.S. Departments of
Agriculture, Energy, and the Interior and by the U.S.
Environmental Protection Agency.

The U.S. Department of Agriculture’s interests in
coal and water issues are contained largely in programs
of the U.S. Forest Service, which manages lands con-
taining economically attractive coal deposits, and of the
U.S. Agricultural Research Service. The U.S. Science
and Education Administration was established during
1978 to include the U.S. Agricultural Research Service
and its studies of soils and water. The agency name was
changed back to Agricultural Research Service in 1980.
The U.S. Department of Energy was established dur-
ing 1977 by consolidating major Federal energy func-
tions previously managed by other departments,
commissions, and agencies, including the Energy
Research and Development Administration.

The U.S. Department of the Interior, with its tradi-
tional administration of or trust responsibilities for
more than one-half billion acres of public and Indian-
owned land and its role in the conservation and develop-
ment of natural resources including fish and wildlife,
has the most diverse interests in coal and water issues.
Within the U.S. Department of the Interior, the major
agencies involved in the coal-hydrology program dur-
ing the 1970’s were the U.S. Bureau of Land Manage-
ment, the U.S. Bureau of Mines, the U.S. Fish and
Wildlife Service, and the U.S. Geological Survey. In ad-
dition, the Office of Surface Mining Reclamation and
Enforcement was established during 1977 as part of the
U.S. Department of the Interior. The U.S. Environmen-
tal Protection Agency, within the context of coal and
water issues, exercised Federal advocacy of energy
technologies that minimized water-quality impairment.
Brief descriptions of the functions of the Federal agen-
cies that were involved most actively in the coal and
water issues follow.

U.S. Department of Agriculture:

U.S. Agricultural Research Service does research
activities in the use and improvement of soil and water
under a varied range of geographic, climatic, and

2Much of the following material describing the statutory functions of the
U.S. Departments of Agriculture, Energy, and the Interior and the U.S. En-
vironmental Protection Agency was abstracted from the Office of the Federal
Register, National Archives and Records Service (1982).

environmental conditions. The Agricultural Research
Service’s work includes studies of soils, vegetation, and
water requirements relative to mined-land reclamation.

U.S. Forest Service manages 154 National forests and
19 National grasslands that comprise 188 million acres
using the principles of multiple use and sustained yield,
not only for timber but also for other resources associ-
ated with the lands. To ensure that the management and
development of the coal and other mineral resources
within the National forests and grasslands were ac-
complished within the framework of its traditional policy
to protect and improve the quality of air, soil, water, and
natural beauty, the Surface Environment and Mining
program was established within the U.S. Forest Service.
The Surface Environment and Mining program’s initial
emphasis was on coal areas in the Western United States
and protection of the water resources of those areas.
U.S. Department of Energy:

U.S. Department of Energy continued and expanded
the research, development, and demonstration of energy
technologies that were administered largely by the
Energy Research and Development Administration
prior to 1977 and in which the national laboratories such
as those at Oak Ridge, Tennessee, Los Alamos, New
Mexico, and Argonne, Illinois, continue to be actively
involved. The U.S. Department of Energy’s function in-
cludes the sponsorship of major regional assessments
of the water requirements of non-nuclear energy
development.

U.S. Department of the Interior:

U.S. Bureau of Land Management is responsible for
the total management of 417 million acres of public land
located primarily in the Western United States and the
subsurface management of 169 million acres throughout
the Nation where mineral rights have been reserved by
the Federal Government. Resources managed by the
U.S. Bureau of Land Management include not only the
coal beneath the surface but also the wildlife, rangeland
soils and vegetation, water, and other natural resources.
Its programs provide for the orderly development and
use of resources while maintaining and enhancing the
quality of the environment. In order to focus its efforts
on those responsibilities associated with coal, the U.S.
Bureau of Land Management began an Energy Miner-
als Rehabilitation, Inventory, and Analysis (EMRIA)
program, which guided and supported hydrologic-data
collection and analysis and water-resources studies and
research in the hydrology of coal development.

U.S. Bureau of Mines for many years has been devel-
oping technologies for coal extraction at reasonable cost
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and without harm to the environment. The U.S. Bureau
of Mines has a responsibility to abate pollution and land
damage caused by minerals extraction and processing
operations and consequently has helped administer
environmental reclamation programs such as the Ap-
palachian Regional Development Act, which is intensely
involved in remedying mine-drainage issues. The U.S.
Bureau of Mines also has supported assessments of the
effects of surface mining on shallow ground-water
systems in coal areas of the Western United States.

U.S. Fish and Wildlife Service includes among its
major responsibilities the protection and improvement
of fish and wildlife habitats and the assessment of the
environmental effects of energy development on living
natural resources. Faced with the possibility that
water withdrawals for energy development in the
Western United States may seriously deplete the flows
of streams, the U.S. Fish and Wildlife Service under-
took studies to determine the flow requirements of
western streams considered minimal to sustain fish
habitats.

U.S. Geological Survey does surveys, investigations,
and research in geology and mineral and water
resources and publishes the results of those activities.
The U.S. Geological Survey provides basic information
about the character, magnitude, location, and distribu-
tion of mineral resources, including coal, and about the

occurrence, distribution, and quality of the Nation’s
water resources. The U.S. Geological Survey conducted
the hydrologic-data collection, areal and site water-
resource studies, and hydrologic research to acquire the
hydrologic information associated with coal develop-
ment. This water-resources information is needed by
other agencies, particularly the U.S. Bureau of Land
Management and the Office of Surface Mining Reclama-
tion and Enforcement, to support coal planning, man-
agement, and development activities.

Office of Surface Mining Reclamation and Enforce-
ment was established by the Surface Mining Control
and Reclamation Act of 1977 to protect society and the
environment from the adverse effects of mining opera-
tions. The agency promulgated mining and land-
reclamation standards and, in collaboration with State
Governments, administers a mining-permit system
designed to minimize the adverse effects of mining on
the hydrologic environment.

U.S. Environmental Protection Agency:

U.S. Environmental Protection Agency uses its head-
quarters staff, national laboratories, and regional offices
in the continuing effort to control and abate water pollu-
tion as coal usage increases. The U.S. Environmental
Protection Agency’s programs include numerous
studies of water requirements and wastes generated by
coal-conversion processes.




HISTORY OF THE COAL-HYDROLOGY PROGRAM?®

By HUGH H. HUDSON and BRUCE P. VAN HAVEREN*

ISSUES

The Arab oil embargo focused national attention on
coal from the Western United States as a source of
energy that is not affected by the unreliable aspects of
imported oil. Coal from the Western United States con-
tains less sulfur than coal from the Eastern United
States and occurs largely in thick deposits near the sur-
face and, therefore, is easily mined. Most of the coal is
federally owned, is managed by the U.S. Bureau of Land
Management, and normally is available to be leased and
developed under the provisions of the Mineral Leasing
Act of 1920.

Plans to increase use of coal from the Western United
States were developed at a time of intense and active
public interest in the environment, and these plans coin-
cided with or closely followed the enactment of Federal
legislation designed to protect and restore environmen-
tal quality. The National Environmental Policy Act that
became law during 1969 required an environmental
analysis of all Federal activities “***significantly af-
fecting the quality of the human environment***.” The
Clean Air and Clean Water Acts included a requirement
that Federal resource management agencies be more
cognizant of their activities that affect water quality.

During 1970, the U.S. Bureau of Land Management
determined that since 1955 the tonnage of coal under
lease had increased substantially, while the tonnage of
coal produced from Federal leases had declined. A
moratorium was imposed on the issuance of new leases
and was continued until 1979. Lease sales resumed, tem-
porarily, during 1981.

During the time the moratorium was in effect, envi-
ronmental groups sued the U.S. Department of the In-
terior because the Department lacked a comprehensive,
regional environmental impact statement for coal
development in the Northern Great Plains Province.
Also, during the moratorium, the U.S. Bureau of Land
Management designed a new coal-leasing procedure, the
Energy Minerals Activity Recommendation System.
The Energy Minerals Activity Recommendation
System received opposition from western governors and
from environmental and agricultural groups. In 1977,
the environmental impact statement for the Energy
Minerals Activity Recommendation System was judged
to be inadequate by a Federal district court, and the

3Much of the foregoing discussion of legal, judicial, and administrative issues
was condensed from U.S. Congress (1984).
4U.S. Bureau of Land Management.

U.S. Bureau of Land Management was enjoined from
implementing the coal-leasing procedure until the Na-
tional Environmental Policy Act requirements were
met.

Plans for larger scale development of coal from the
Western United States included hypothetical plants in
the West and elsewhere to convert the coal to other
forms of energy. By 1975, several plans had been
prepared that included thermoelectric powerplants, syn-
thetic fuels plants, and coal-slurry transportation
systems that had an eventual requirement of millions
of acre-feet of water per year. The use of such large
quantities of water for energy production in a dry region
raised questions about the physical, legal, and institu-
tional availability of the water and about the effects of
such large withdrawals on water resources in the
Western United States.

The prominent visibility of the environmental, legal,
and judicial issues led to Congressional intervention and
passage of the Federal Coal Leasing Amendment and
the Federal Land Policy and Management Act in 1976.
The amendment required lessee compliance with the
Clean Air and Clean Water Acts, and the Federal Land
Policy and Management Act required that the U.S.
Bureau of Land Management give top priority to the
designation and protection of areas of critical envi-
ronmental concern in its overall land-use planning.

The legal and hydrologic issues that surrounded the
coal-hydrology program initially were of concern only
to the Western States, but with passage of the Surface
Mining Control and Reclamation Act during 1977, the
issues and the program became of National concern.
This Act and its operating regulations were written to
protect the hydrologic environment and required de-
tailed mining and reclamation plans from companies
planning to open mines and established performance
standards to ensure minimal damage from surface-
mining operations. Adherence to the Act required cer-
tain types of hydrologic information that generally were
not available. A requirement of the Surface Mining Con-
trol and Reclamation Act, for example, was that the
hydrologic functions of surface-mined areas be restored,
which implied knowledge of their functions prior to min-
ing. The Act also prohibited mining in flood plains,
alluvial valley floors, and other hydrologically sensitive
areas unless it could be shown that mining would not
cause irreparable damage.

Policy changes were made by the U.S. Department
of the Interior during 1982 and 1983 to streamline the
leasing program and to make more coal available for
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leasing. The changes were controversial and prompted
Congress to mandate during 1983 the establishment of
an Advisory Commission on Fair Market Value for
Federal coal leasing. The Commission’s report was
delivered in February 1984. The U.S. Bureau of Land
Management began preparation and has since (1987)
completed a supplemental coal environmental impact
statement. Most coal leasing was suspended during this
time, but in January 1986, the Secretary of the Interior
again permitted coal leasing in most of the coal regions.

PROGRAM OBJECTIVES AND
INFORMATION NEEDS

In 1974, the U.S. Bureau of Land Management estab-
lished the Energy Minerals Rehabilitation Inventory
and Analysis (EMRIA) program to systematically ob-
tain the technical information needed for the several
preleasing activities required by law, court decisions, and
administration policies. Not having the in-house capabil-
ity to do the specialized multidisciplinary studies that
were envisioned as being needed, the U.S. Bureau of
Land Management requested assistance from the U.S.
Geological Survey. Water-resources investigations were
underway or had been done for many years by the U.S.
Geological Survey, primarily for other Federal and State
water-development and management agencies near the
coal-lease sites. However, funds were not allocated in the
U.S. Geological Survey budget for coal-related studies,
and its personnel were committed to other projects. The
U.S. Bureau of Land Management agreed to transfer
funds and personnel positions to the U.S. Geological
Survey. Assistance by the U.S. Geological Survey to the
U.S. Bureau of Land Management began in 1974. The
transfer of personnel positions was completed by ad-
justing the personnel ceilings assigned to each Bureau
rather than by the actual reassignment of people. A year
later, Congress provided authorization and funds to the
U.S. Geological Survey to investigate the water-resource
aspects of coal development in the Western United
States, without regard to specific lease or mine sites or
coal ownership. In 1976, the U.S. Geological Survey was
funded to determine the regional effects of large volumes
of local pumping from the Madison aquifer in the
Northern Great Plains. Water from this aquifer was to
be used for coal-slurry pipeline. With passage of the Sur-
face Mining Control and Reclamation Act in 1977, the
U.S. Geological Survey was requested by Congress to
expand the coal-hydrology studies that had begun 2
years earlier in the Western United States to other coal
provinces nationwide.

The information needs of the U.S. Bureau of Land
Management and the U.S. Geological Survey were

similar, although the ultimate objectives of each agen-
cy differed somewhat in scope and application. In a
sense, the scope of the U.S. Bureau of Land Manage-
ment responsiblities, and hence program objectives,
ranged in size from large coal regions to the smaller
specific tracts and sites and were applicable where the
coal was federally owned. The scope of the U.S.
Geological Survey’s program objectives generally was
regional or topical, unconstrained by coal ownership,
and included developing an understanding of the prin-
ciples and processes involved in coal hydrology.

Information was needed to characterize the water
resources of areas likely to be mined in order to sup-
port general planning and to prepare environmental im-
pact statements and, later, the issuance of permits for
mining. During the early 1970’s, little was known about
the occurrence and quality of ground water associated
with coal, particularly the shallow aquifers that may be
interrupted by surface mining. Specifically, information
was needed about the availability and chemical suitabil-
ity of water for possible supplemental irrigation of lands
to be reclaimed in the Western United States or about
deeper regional aquifers that may be used to provide
water for other coal-development purposes. Except for
the larger perennial streams that flow across or near
the coal fields, virtually nothing was known about the
natural flow patterns of the smaller streams that drain
the coal areas nor about the chemical and sediment
characteristics of those streams. In the past, there had
been virtually no hydrologic studies of coal areas; con-
sequently, ground-water and streamflow data collected
from coal areas were meager or nonexistent.

The U.S. Bureau of Land Management objectives and
corresponding hydrologic information needed for sup-
port of coal-leasing decisions have fluctuated as agen-
¢y policies have changed because of court decisions, new
legislation, and changes in administration during the
10 years of the coal-hydrology program. Four phases
of objectives are identified here; the listing is somewhat
arbitrary, but it illustrates the changing program em-
phasis at different times.

Period

1974-77

Objectives

To determine rehabilitation potential of
mined lands.

To describe the water resources of coal
areas, including lease areas and poten-
tial mine sites, and to estimate the
general coal and water relation.

To determine the effects of coal mining on
local water resources and to increase
the capability to predict the hydrologic
effects of coal development.

To detail appraisals of the water resources
of high-priority coal-leasing areas and

1977-78

1978-81

1981-84
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to develop and apply simulation models
for predictive purposes.

The earliest needs for information were those that
would assist in determining reclamation potential. Dur-
ing the early 1970’s, data about infiltration, erodibility,
sediment production, and precipitation-runoff relations
were obtained at several study sites in coal regions of
the Western United States. When it became apparent
that effects of mining on water resources would over-
shadow reclamation as a coal-development issue, the
focus of the studies was changed accordingly.

As the coal-hydrology program of the U.S. Geological
Survey and U.S. Bureau of Land Management matured,
it became increasingly evident that descriptions of
steady-state coal and water relations, regardless of the
detail provided, were inadequate. Planners, land
managers, and water-resources administrators needed
predictions, not only of quantitative changes in stream-
flows and ground-water levels that might result from
mining but also of changes in water chemistry and sedi-
ment production and deposition. Digital models were
being used to simulate ground-water flow and hydraulic-
head changes, but the development of other models was
largely in its infancy.

Advances in the other simulation models, especially
those needed to predict water-quality changes de-
pended, in turn, on improved understanding of the
natural processes. For example, the geochemical proc-
esses operative in mine spoils and the microbial func-
tion in those processes were, at best, conjectural.

Even if all the surface-water and ground-water flow
and quality simulation models were available for use,
combining the individual model results might have been
erroneous because of possible synergistic effects. There-
fore, the ultimate need was for an integrated set of
simulation models, each designed to identify and incor-
porate the hydrologic changes derived from the other
models. Such an advanced set of integrated simulation
models was envisioned as necessary to assess the
overall hydrologic effects of extensive land-use changes
that accompany surface mining.

The enactment of the Surface Mining Control and
Reclamation Act resulted in information needs that
were ahead of technological capabilities. Adherence to
the Act’s regulations required a determination of the
cumulative hydrologic effects of multiple mines
operating in a single hydrologic basin. The means
necessary to do such analyses were unavailable or
unreliable.

The information and means needed to meet the ob-
jectives of the coal-hydrology program ranged from
basic data to complex simulation models. Technological
means were needed to transform the hydrologic data
into results usable by planners, land managers, mining

companies, and natural resource agencies at all levels
of government. Results of research in the hydrologic
processes involved in coal mining, handling, and
ultimate use also were needed.

IMPLEMENTATION

Several phases of the U.S. Geological Survey and U.S.

Bureau of Land Management coal-hydrology program
were implemented primarily in response to Federal
legislation and major changes in funding and secondari-
ly to internal technical and administrative decisions. The
primary changes may be accounted for in chronological
order; the secondary changes, only approximately in
that order. For both, however, implementation of the
program is best described in order of major external or
internal decisions.
1974: Following Congressional approval and funding of
the EMRIA program, the U.S. Bureau of Land Manage-
ment requested the assistance of the U.S. Geological
Survey in developing the hydrologic requirements of the
new coal-hydrology program. Program objectives, how-
ever, were not certain at that time. Surface mining on
the scale anticipated was new, and the tracts to be
leased were not yet identified; however, environmental
impact statements still would have to be prepared. In-
formation about the general availability and quality of
water associated with the coal was needed, as well as
technical judgments about the probable hydrologic con-
sequences of large-scale surface mining. Meeting those
immediate needs and the more remote, and as yet
undefined, objectives required hydrologic data that
were scant in the coal regions. The coal-hydrology pro-
gram, as initially begun, gave priority to the design, con-
struction, and operation of hydrologic-data-collection
sites.

The initially selected sites were operational within the
second year of the coal-hydrology program in States in
the Northern Great Plains and Rocky Mountain Prov-
inces. Oklahoma and Alabama were included later as
soon as funds and staff permitted.

The hydrologic data collected, which consisted of con-
tinuous and partial-record streamflows, levels from
ground-water observation wells, and water-quality
analyses, were intended to be short-term, mobile, and
flexible. The data program that was begun was con-
sidered adequate for reconnaissance-level appraisal of
rather large areas and for general hydrologic character-
ization of intermediate and large watersheds.

1975: Authorization and funding were provided to the
U.S. Geological Survey by Congress for studies of water
resources and coal development in the Western United
States. Hydrologic-data-collection programs, which
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began with EMRIA funds, were supplemented, and
research on the geochemical processes in coal and mine
spoils was begun.

1976: The U.S. Environmental Protection Agency re-
quested the assistance of the U.S. Geological Survey
in monitoring surface- and ground-water quality at
selected sites in coal areas in the Western United States.
These sites further supplemented the coal-hydrology
program.

Progress that had been made by the U.S. Bureau of
Land Management in identifying areas where leasing
was likely to occur caused a need for more detailed
hydrologic studies of smaller areas of 10 to 50 square
miles. A series of small-basin studies was begun, first
in the Fort Union and Powder River regions, then in
regions in several other States in the Rocky Mountain
Province and in Oklahoma and Alabama. Each study
was designed for completion in about 2 years.

Results were needed more quickly than the collection

of standard time-dependent hydrologic data permitted.
Techniques available included simulation models of
ground-water flow systems, statistical methods to ex-
tend data application in time and space, and empirical
techniques such as the estimation of surface-water
characteristics from measurements of channel geom-
etry. Deficiencies in the availability or reliability of
other types of simulation models, however, impeded the
program.
1977: The Surface Mining Control and Reclamation Act
was enacted as Public Law 95-87. The Act initiated a
coal-mine permit process that was based, in part, on a
required description of the hydrology of the mining
area, an analysis of the probable hydrologic conse-
quences of the proposed mining operation, and an
analysis, by the State or Federal coal-mining regulatory
agency, of the cumulative effects of the overall mining
operation in the area. As a result of the Act and the per-
sistent need for hydrologic data in coal-mining areas na-
tionwide and for advanced hydrologic techniques,
funding to the U.S. Geological Survey was increased
and coal-hydrology studies were expanded to other
areas of the country.

Deficiencies in hydrologic data in the Eastern and In-
terior Provinces now were more severe with the passage
of the Surface Mining Control and Reclamation Act
than in the Northern Great Plains and Rocky Moun-
tain Provinces where data collection began as much as
3 years earlier. There also was a much greater demand
on the regulatory agencies because of the greater coal
production and number of mines in the Eastern than
in the Western United States.

The design of the hydrologic-data-collection program
that was implemented in the Eastern United States in
1977 was based primarily on the large number of

operating and anticipated mines, the extensive water-
quality issues, and prevalent geohydrologic conditions
that enabled obtaining flow measurements and samples
at thousands of locations during low-flow periods. The
data obtained using this program afforded a quick,
synoptic view of the hydrologic conditions of a broad
area without the time-consuming operation and ex-
pense of large numbers of permanent data-collection
sites.

As hydrologic data were collected and progress made
in reconnaissance investigations and small-area and
synoptic studies, the shortcomings of established inter-
pretive techniques became more acute. Little was
known, for example, about the complex combination of
hydrologic changes that may result from the extensive
land-use changes associated with surface mining. A
research project established to assess this particular
problem already was operational in the U.S. Geological
Survey, but the project had limited staff, funds, and op-
portunities for onsite testing under a variety of natural
conditions. During 1977 and the years immediately
following, the research project was expanded using
EMRIA funds. Small basins in coal fields of the
Western United States, Oklahoma, and Alabama were
selected, instrumented, and operated by onsite person-
nel in close coordination with the U.S. Geological
Survey research group, thus incorporating a needed and
practical small-basin-modeling function in the EMRIA
program.

1980: The Office of Surface Mining Reclamation and
Enforcement provided funds to the U.S. Geological
Survey for assistance in the mine-permitting procedure
and for helping to develop methods to determine
cumulative hydrologic effects from coal mining.
1981: The small-basin-modeling research project that
had been reinforced with EMRIA funds in 1977 again
was extended by the U.S. Geological Survey to basins
in the Appalachian region and Interior Province. Dur-
ing 1981, 19 additional basins were instrumented and,
by 1984, land-use-change models were being developed
at about 40 sites representing a large variety of climatic,
topographic, hydrologic, and geologic conditions
(Kilpatrick, 1984).

1981-84: A decrease in funds available to the coal-
hydrology program began in 1981 and has continued.
The U.S. Environmental Protection Agency funds were
withdrawn in 1981, and substantial decreases were
made in funds appropriated to the U.S. Geological
Survey beginning in 1982, Hydrologic-data collection
was curtailed severely during this period. The U.S.
Bureau of Land Management restructured its function
in the coal-hydrology program in order to apply the
more limited resources to high-priority areas where leas-
ing seemed imminent.



HYDROLOGIC STUDIES IN COAL REGIONS

By LINDA J. BRITTON

As a result of the data-collection program and in-
vestigations done as part of the U.S. Geological Survey
and U.S. Bureau of Land Management National coal-
hydrology program, as well as other Federal cooperative
programs, more than 500 reports have been published
that discuss and summarize hydrologic information
related to coal-resource development. A bibliography of
coal-hydrology reports authored by personnel of the
U.S. Geological Survey or U.S. Bureau of Land Manage-
ment is presented in Cochran and others (1983). In ad-
dition, the U.S. Geological Survey prepared a series of
reports that generally characterized the hydrology of
coal areas nationwide. These reports, termed *coal-area
hydrology reports,”” have been prepared for most of the
coal areas shown on plate 1. No reports were done for
coal areas 26, 36, 37, 44, and 55; therefore, these areas
are not discussed in the regional sections that follow.
The basic objectives were to: (1) Summarize existing
knowledge of the water resources; (2) identify potential
hydrologic issues; and (3) document further needs for
data collection. These coal areas were delineated on the
basis of hydrologic-basin boundaries within the major
coal-production regions. The status of these coal-area
hydrology reports is shown in table 1.

The regional discussions in the following sections of
this report provide brief summaries of the individual
coal-area hydrology reports, as well as the hundreds of
other reports resulting from the coal-hydrology pro-
gram. These summaries emphasize results of data-
collection activities and studies made within the regions
and specific hydrologic issues associated with coal min-
ing within the regions. Some western regions are
grouped together and some regions often include areas
beyond the boundaries of any defined coal area.

TABLE 1.—Status of U.S. Geological Survey coal-area hydrology

reports
Coal Author(s) and publication date Water-Resources
area Investigations
number Open-File Report
(shown on pl. 1) number
1 Herb and others (1983a) 82-223
2  Herb and others (1983b) 82-647
3 Herb and others (1981a) 81-537
4 Roth, Engelke, and others (1981) 81-343
5 Herb and others (1981b) 81-538
6  Staubitz and Sobashinski (1983) 83-33
7 Engelke, Roth, and others (1981) 81-815
8  Friel and others (1987) 84-463
9 Ehlke and others (1982b) 81-803
10 Ehlke and others (1983) 82-864
11  Roth and Cooper (1985) 84-233
12 Ehlke and others (1982a) 81-902

TABLE 1.—Status of U.S. Geological Survey coal-area hydrology
reports—Continued

Coal Author(s) and publication date Water-Resources
area Investigations
number Open-File Report

(shown on pl. 1) number
13 Kiesler and others (1983) 82-5056
14  Quinones and others (1981) 81-137
15 Leist and others (1982) 81-809
16 Hufschmidt and others (1981) 81-204
17 Gaydos and others (1982a) 81-1118
18 May and others (1981) 81-492
19 Gaydos and others (1982bh) 81-901
20 Hollyday and others (1983) 82-440
21 May and others (1983) 82-679
22 Harkins and others (1981) 81-135
23 Harkins and others (1980) 80-683
24 Harkins and others (1982) 81-1113
25  Zuehls and others (1981a) 81-636
26  No report planned
27 Zuehls (1987a) 84-707
28 Zuehls and others (1984) 83-544
29 Fitzgerald and others (1984) 82-858
30 Wangsness and others (1983) 82-1005
31  Zuehls (1987b) 85-342
32 Wangsness and others (1981b) 81-498
33 Wangsness and others (1981a) 81-423
34 Quinones and others (1983) 82-638
385 Zuehls and others (1981b) 81-403

36 No report planned
37 No report planned

38 Detroy, Skelton, and others (1983) 82-1014
39 Bevans and others (1984) 83-851
40 Marcher, Kenny, and others (1984) 83-266
41 Marcher and others (1987) 84-129
42 Bryant and others (1983) 82-636
43 Lambing and others (1987) 85-88
44 No report planned

45 Slagle and others (1984) 83-527
46  Croft and Crosby (1987) 84-467
47 Crosby and Klausing (1984) 83-221
48 Slagle and others (1986) 84-141
49  Slagle and others (1983) 82-682
50 Lowry, Wilson, and others (1986) 83-545
51 Peterson and others (1987) 84-734
52 Lowham and others (1985) 83-761
53 Driver and others (1984) 83-765
54 Kuhn and others (1983) 83-146
55  No report planned

56 Lines and others (1984) 83-38
57 Price and others (1987) 84-68
58 Chaney and others (1987) 85-479
59 Gaggiani and others (1987) 85-153
60 Roybal and others (1983) 83-203
61 Abbott and others (1983) 83-132
62 Roybal and others (1984) 83-698
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An attempt has been made to standardize the format
and content of the following regional summaries.
Similar types of data were not uniformly available for
every region because the emphasis on hydrologic-data-
collection activities and objectives of studies varied
depending on prevalent hydrologic issues in each region.
However, the format of the regional summaries is
uniform and is organized as follows: (1) Introduction,
which includes a discussion of general features, geology,
and land and water use; (2) coal resources; (3) hydrology,
which is divided into surface-water and ground-water
components; (4) coal-hydrology studies; and (5) hydro-
logic issues. The introduction is self-explanatory, but
the hydrology sections require an understanding of
various hydrologic principles and relations that are used
to describe surface- and ground-water characteristics.
The following discussions in this section of the report
briefly define some of the principles and relations used
to describe the hydrology of the coal regions.

HYDROLOGIC CHARACTERISTICS

Surface-water quantity (discharge, flow, or stream-
flow) varies from stream to strean1 because of variations
in altitude, precipitation, vegetation, temperature,
drainage basin size, and consumptive use by man. As
aresult, stream discharge varies seasonally in a pattern
similar to seasonal variations in precipitation and
snowmelt. The hydrograph of a stream is a graph that
shows how the stage, stream discharge, velocity, or
other properties of water flow vary with time. As such,
the hydrograph indicates those characteristics of the
drainage basin that affect runoff. A typical hydrograph
produced by a concentrated storm event (fig. 134) is
a single-peaked, skewed distribution curve. Hydro-
graphs with multiple peaks (fig. 13B) may indicate
abrupt variation in rainfall or snowmelt-runoff inten-
sity, a succession of storms, abnormal ground-water
recessions, or other causes (Chow, 1964). Volumes
have been written on the distribution of runoff and on
hydrograph analysis. For example, multiple-peaked
complex hydrographs can be separated into a number
of single-peaked hydrographs so that the specific
contributions of surface runoff, interflow, and ground-
water flow to the total runoff can be determined (Chow,
1964). However, the hydrographs presented in the
regional summaries that follow are shown only to in-
dicate representative flow patterns for streams in the
region.

Flow-duration curves, or cumulative-frequency
curves, are another technique used to graphically pres-
ent stream-discharge data. The curves show the percent-
age of time a specified stream discharge is equaled or

exceeded. The shape of the curve gives an indication of
the characteristics of the drainage basin. If the curve
has an overall steep slope, the drainage basin has a large
quantity of direct runoff and greater variability of
stream discharge than does a drainage basin repre-
sented by a flat curve. If the curve is fairly flat, there
is substantial storage, either on the surface or as ground
water, which tends to equalize the discharge. In some
instances, different parts of the curve indicate various
flow characteristics. For example, the lower two-thirds
of the curve for site A (fig. 14) is rather steep, indicating
the small recharge and (or) storage qualities of the
ground-water system of that region, which results in
small yields during dry periods (May and others, 1981).
The curves for sites B and C (fig. 14) have flatter slopes
on the lower end, indicating larger sustaining flows from
the ground-water system. The upper ends of all three
curves have essentially the same slope and positioning,
indicating that the high-flow runoff per square mile
from all three sites is nearly the same. Flow-duration
curves can be considered to represent the distribution
of stream discharge during the period of record, without
regard to when a particular discharge occurred. These
curves generally are plotted on log-normal probability
paper with the flow on logarithmic scale and percentage
of time on normal-probability scale.

The shape of a flow-duration curve may change with
the period of record. The curves can be used to extend
the discharge information on a given stream for which
short-term records are available and for which simul-
taneous and long-term records are available on at least
one adjacent stream that is believed to be affected by
similar hydrologic conditions.

Stream-discharge data also can be used to estimate
mean annual discharge at ungaged sites using predic-
tive equations developed for different regions and to in-
dicate primary sources of runoff. These relations have
been developed for many areas included in the regional
summaries.

Estimates of the magnitude and frequency of flood
peaks and volumes also can be predicted from equations
developed for many ungaged stream sites. Magnitudes
of flood discharges are described in terms of recurrence
intervals of 2, 5, 10, 25, 50, and 100 years. A 2-year flood
is expected to be equaled or exceeded, on the average,
once in 2 years (50 percent chance of occurring in any
given year), and a 100-year flood once in 100 years (1
percent chance of occurring in any given year). How-
ever, changes in climatic patterns can increase or
decrease the magnitude of a designated recurrence. In-
formation about high-flow and flood-flow characteristics
of a stream is useful in the design of dams, bridges and
culverts, reservoirs, and flood-control and navigation
channels.
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Low-flow frequency information can be used to evalu-
ate the ability of a stream to supply adequate water for
various uses. A common statistic used is the 7-day,
10-year low flow, which is the stream-discharge value
at the 10-year recurrence mterval obtained from a fre-
quency curve of annual values of the lowest mean
discharge for 7 consecutive days. The probability is 1
chance in 10 that the 7-day low flow m any given year
will be less than the 7-day, 10-year low flow. Even
though the effects of regulation or diversion on flood
flows may not be substantial, their effects on low flows
may be very substantial.

Specific conductance is a measure of the ability of
water to conduct an electric current. The standard units
of measurement are microsiemens per centimeter at
25 °C. As ion concentrations (dissolved solids) increase,
specific conductance of the water increases; therefore,
specific-conductance measurements provide an indica-
tion of dissolved-solids concentrations. Because specific-
conductance measurements can be measured directly
onsite, they are less expensive to obtain than measure-
ments of dissolved-solids concentrations, which must
be obtamed from laboratory analysis.
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FIGURE 13.—Typical hydrographs showing A, single-peaked, skewed distribution from storm event at two sites
(modified from Jarrett and Veenhuis, 1984); and B, multiple-peaked distribution from variations in storm
events and snowmelt runoff (modified from Abbott and others, 1983).
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others, 1981).

The relation between specific conductance and dis-
solved solids generally is simple and direct and can be
expressed by an equation of the following form:

DS =A XK,
where

DS = dissolved-solids concentration, in milligrams
per liter;
A = a coefficient; and
K, .= specific conductance, in microsiemens per cen-
timeter at 25 °C.
According to Hem (1985), the coefficient A usually
ranges from 0.55 to 0.75; the larger values generally are
associated with waters containing large sulfate con-
centrations. For example, figure 15 shows the relation
of dissolved-solids concentration to specific conductance
from sites in coal area 25 of the Eastern region. An
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FIGURE 15.—Typical relations of dissolved-solids concentration to
specific conductance (modified from Zuehls and others, 1981a).

equation of the form DS = 0.77 X K, was developed
from 36 measurements. The large value of A is at-
tributed to large sulfate concentrations (Zuehls and
others, 1981a). Using data to develop relations of
dissolved solids to specific conductance, the dissolved-
solids concentrations can be calculated for sites dis-
cussed in the following regional summaries. In addition,
at sites where a satisfactory relation has been devel-
oped, a continuous record of dissolved-solids concentra-
tion can be obtained by measuring specific conductance
continuously.

The relation between stream discharge and specific
conductance generally is inverse; as stream discharge
increases, specific conductance decreases as a result of
dilution. An example of relations of stream discharge
to specific conductance is shown in figure 16. The posi-
tions and slopes of the lines are substantially affected
by local bedrock geology (Abbott and others, 1983). The
largest stream discharges shown in figure 16 generally
occur as a result of direct runoff, causing the curves to
slope down at large discharges. When direct runoff is
not occurring, discharge may be maintained at base flow
by ground-water inflows. Because ground water is in
contact with geologic materials for a much longer period
than is direct runoff, ground water generally has a
larger specific conductance because of dissolution of
rocks and minerals. The result is a larger specific con-
ductance during base flow (Abbott and others, 1983).
Furthermore, the specific conductance of base flow
depends on the geologic foriation or forinations from
which base flow is contributed, as shown in figure 16.
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IN FIGURE 17 SITE NAME AND DRAINAGE AREA
3 Sandy Run at Van Ormer, Pennsylvania {2.80 square miles)
4 Crowley Holiow near Keating, Pennsylvania
(2.67 square miles)
5 Upper Sheriff Run near Lynch, Pennsylvania
(4.44 square miles)
6 Service Creek near Shippingport, Pennsylvania
(4.50 square miles)
7 Naylor Ditch near Sebring, Ohio (3.96 square miles)
8 Thomas Fork at Santiago, West Virginia (4.50 square miles)
9 No name tributary Wills Creek near Conesville, Ohio
{3.00 square miles)
10 Stewart Creek at Baldwin, West Virginia
{3.33 square miles)
1 Packs Branch at Packs Branch, West Virginia
(4.61 square miles)
12 Trace Fork at Ruth, West Virginia (2.82 square miles)

DATA IN FIGURE REPRESENT 3 TO 7 SAMPLES PER SITE
DURING 1979-81

FIGURE 19.—Maximum, median, and minimum specific conductance
at selected surface-water-quality sites in the Northern Appalachian
region.

mining. Stream discharge is the main factor affecting
the sediment yield of a given watershed. Sediment
concentrations and loads generally are largest during
high flows and smallest during low flows. Increased pre-
cipitation not only increases stream discharge and its
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ability to transport sediment, but also increases erosion
and, therefore, the supply of transportable material.

Average annual suspended-sediment yields for large
streams in the region range from 20 to 800 tons per
square mile (Schneider and others, 1965, sheet 8). This
range may not include the extremes that occur in
smaller tributaries in the region. Yields tend to increase
in a southerly direction, ranging from 20 to 250 tons
per square mile in the northern part of the region to 100
to 800 tons per square mile in the southern part. The
glaciated area in the northwestern corner of the region
is an exception to the above statement; here, yields
range from 100 to 800 tons per square mile.

Sediment yields of streams are affected by numerous
other factors, including physiography, soils, climate,
and land use. Land-use activities that disturb the land
surface, such as surface mining, construction,
agriculture, and silviculture, increase erosion and sedi-
ment yields. Although the network of daily suspended-
sediment sites is not adequate to correlate sediment
load with specific land uses, active surface mining is
known to produce some of the largest rates of erosion.
In west-central Pennsylvania (coal area 3) the synoptic-
site data indicate that for any given instantaneous unit
stream discharge, the instantaneous suspended-
sediment discharge may vary by a factor of 1,500 with
no appreciable change in land use (Herb and others,
1981a).

GROUND-WATER NETWORK

The 1983 ground-water observation-well network in
the region consisted of 83 wells that were measured on
aroutine basis. Water-level and water-quality data also
are available for many thousands of short-term project
wells. These data consist of one or more samples and
were collected as part of specific studies or projects.

GROUND-WATER OCCURRENCE

Two principal types of aquifers underlie the region—
unconsolidated alluvial and glaciofluvial deposits and
consolidated bedrock aquifers composed of sedimentary
rocks. Unconsolidated aquifers are the best sources of
ground water for municipal and industrial uses in the
region. Water production from wells in these aquifers
depends on permeability, areal extent, saturated thick-
ness of the sand and gravel materials, and proximity
of wells to rivers. The quality of water in alluvial
aquifers generally is suitable for most uses but often
requires some treatment. In some locations, however,
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wastes from chemical and industrial plants have con-
taminated local ground water.

Major sources of ground water in the Appalachian
Plateaus physiographic province part of the region (pl.
1) are the Pennsylvanian aquifers. The Upper Penn-
sylvanian aquifers consist of nearly horizontal layers
of mostly shale and thin interbeds of fine-grained sand-
stone, siltstone, coal, and limestone. The Lower Penn-
sylvanian aquifers consist mostly of massive
coarse-grained sandstone and shale, siltstone, coal, and
thin limestone beds.

The primary permeability of the Pennsylvanian
bedrock aquifers generally is negligible. Ground water
flows through and is stored in joint systems, fractures,
and bedding planes and in carbonate rocks in dissolu-
tion channels. These aquifers commonly are very local
in extent. In some areas, these local aquifers are perched
and are under a single hilltop.

Mississippian aquifers in the southeastern part of the
region are similar in lithology and permeability to the
Pennsylvanian aquifers but are gently to moderately
folded. Parts of the sandstones are saturated and con-
fined by overlying and underlying shales. The aquifers
can yield moderate to large quantities of water.

The predominantly carbonate Greenbrier Limestone
of the Mississippian aquifers has good potential for
large-scale withdrawal of ground water. Fracture open-
ings in these strata generally are enlarged by solution,
and wells that penetrate enlarged openings may have
large yields.

Farther to the east, in the Valley and Ridge physio-
graphic province part of the region (pl. 1), the aquifers
are faulted and compressed into steep folds that great-
ly affect the occurrence and movement of ground water.
In these areas, ground-water conditions are more
variable than in the rest of the region. The principal car-
bonate units of the Devonian and Ordovician aquifers
and some of the massive sandstone units of the Devo-
nian aquifers have potential for providing large quan-
tities of ground water. The carbonate units also are
sources of springs and have large yields (as much as
15,000 gallons per minute) that supply small water-
supply systems and light industry.

GROUND-WATER QUALITY

Quality of water in the Pennsylvanian aquifers
generally is suitable for most purposes. However, the
water usually varies from soft (60 milligrams per liter
calcium carbonate) to very hard (as much as 400
milligrams per liter calcium carbonate). In some loca-
tions, specifically where drainage from coal mines is a
source of recharge to underlying aquifers, the water
may be very hard (1,300 milligrams per liter calcium

carbonate) and may contain large concentrations of iron
(180,000 micrograms per liter), manganese (9,900 micro-
grams per liter), sulfate (2,500 milligrams per liter), and
chloride (2,300 milligrams per liter). Brine underlies
freshwater in most areas of the Appalachian Plateaus
physiographic province part of the region (pl. 1), but
generally it is located deeper than is accessed by usual
drilling practices (300 feet in valley areas).

Water quality of the Mississippian aquifers general-
ly is suitable for most uses. Hardness and locally large
iron concentrations (greater than 300 micrograms per
liter) are common issues. Because of sink holes and large
solution openings that may be in direct hydraulic con-
nection with sources of contamination in outcrop areas,
the carbonate unit is very susceptible to biological and
chemical pollution.

COAL-HYDROLOGY STUDIES

Economic interest in coal resources and hydrologic
issues associated with coal mining resulted in several
coal-hydrology studies in the region. For example, in
February 1972, the most destructive flood in West
Virginia’s history occurred when a coal-waste dam col-
lapsed on Buffalo Creek in the southwestern part of the
State. Davies and others (1972) reported the hydrology
and engineering geology of the disaster. The large loss
of life, human suffering, and property damage focused
attention on an aspect of coal hydrology that often is
overlooked. Many of the coal-waste dams in existence
at that time were not engineered dams and simply were
unsafe.

Several studies that investigated the effects of
various mining practices on the hydrology of small
basins were done in the region. Reed (1980) determined
that acidity of water in a drain in an area in northern
Pennsylvania that previously had been deep-mined, but
now was being strip-mined, had increased nearly 600
percent during a 3-year period. The acidity of the water
in the two other drains in the same area increased by
100 and 45 percent.

The effects of underground mining and mine collapse
on areal hydrology were determined by Hobba (1981)
at one site where the mined bed of coal is topographical-
ly above major streams and at two other sites where
the mined bed of coal is below major streams. The min-
ing and associated subsidence cracks increase hydraulic
conductivity and interconnection of overlying water-
bearing rock units that, in turn, cause increased infiltra-
tion of precipitation and surface water, decreased
evapotranspiration, and increased base flows in some
small streams. Gaining and losing streams occur in
deep-mined areas, depending on local conditions. Mine
pumpage and drainage can cause diversion of water
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underground from one basin to another. Aquifer tests
indicated that near-surface rocks have greater trans-
missivity in a mine-subsided basin than in unmined
basins. Increased infiltration and circulation of ground
water through shallow subsurface rocks increased
dissolved-solids loads in streams, as did treated and un-
treated contributions from mine pumpage and drainage.

A study in cooperation with the U.S. Bureau of Land
Management was started in 1981 in West Virginia to
calibrate deterministic rainfall-runoff models for various
land-use conditions in coal areas of the region and to
develop water-quality regression models for simulating
water-quality constituent concentrations in West
Virginia.

As a continuation of studies in the coal areas of
Alabama by Puente and others (1982), studies in West
Virginia indicate that water-quality properties and
constituents such as specific conductance, sulfate con-
centrations, noncarbonate hardness/total hardness
ratio, and magnesium/calcium ratio can be used to iden-
tify streams substantially affected by coal-mine
drainage (Celso Puente, U.S. Geological Survey, oral
commun., 1985). Concentrations of these chemical con-
stituents varied greatly on a statewide basis. However,
the water quality of streams draining coal areas under-
lain by the same rock type were similar, and the coal
areas were delineated into two distinct geochemical
zones.

A study was done from 1979 to 1980 to monitor the
water quality of streams within the coal-mining areas
of western Maryland and adjacent areas of Pennsyl-
vania and West Virginia. The report (Staubitz, 1981)
contains streamflow, water-quality, and biological data
for various river basins in the Eastern Province.

Ground-water conditions that occurred during coal
strip mining in two small watersheds in eastern Ohio
are described in a report by Helgesen and Razem (1981).
Water levels in the top aquifers declined as mining in-
creased near the watersheds. Depletion of the top
aquifer was indicated by decreased stream base flow
and by increased mineralization after mining. Helgesen
and Razem (1981) concluded that no immediate substan-
tial effects of mining were evident on ground-water
levels or ground-water quality beneath the strippable
coal.

An assessment of water quality in streams draining
coal-producing areas in Ohio is reported by Pfaff and
others (1981). A reconnaissance of water quality at 150
sites and a study of 4 small basins indicated that acid
mine drainage generally occurred where abandoned drift
or strip mines were located; areas characterized by
reclaimed or active strip mines indicated few occur-
rences of acid mine drainage.

The preimpoundment water quality of the Tioga

River basin (fig. 17), Pennsylvania and New York, is
described in reports by Ward (1976, 1981). Water quali-
ty in the Tioga River is degraded by acid mine drainage
entering the river downstream from strip- and deep-
mined coal areas. Diel measurements indicated that acid
mine drainage has decreased biological activity in the
Tioga River (Ward, 1981). Relations between selected
water-quality constituents were developed for the sam-
pling sites throughout the basin. Doewnstream trends
also were analyzed and reported.

A study in the Tug Fork basin (fig. 17), Kentucky,
Virginia, and West Virginia, used a rainfall-runoff model
to determine if land-use changes associated with sur-
face mining in the basin affected basin streamflow
characteristics (Doyle and others, 1983). The model was
calibrated and verified for two periods, one represent-
ing 1980 land use and one representing 1950 land use.
Statistical tests made for the two periods indicated no
difference in streamflow characteristics at any of the
locations. In addition, analyses were made to determine
if future increases in surface coal mining might affect
basin stream discharge. The modeling results indicated
that increasing mining in an upland watershed by as
much as 200 percent had little effect on stream dis-
charge (Doyle and others, 1983).

Additional coal-hydrology reports for counties,
basins, States, or parts of the region that contain in-
formation about flood frequency, runoff characteristics,
water quality, ground water, and water use are avail-
able. Two recent compilations of coal-hydrology studies
and sources of data for this area, prepared in coopera-
tion with the U.S. Bureau of Land Management, are by
Grason (1982) and Cochran and others (1983).

HYDROLOGIC ISSUES RELATED TO COAL MINING

Coal-mining activities may affect all aspects of water
resources in the Northern Appalachian region. Runoff
characteristics of streams may be changed. Changes are
more noticeable during low flows when, depending on
local mining and geology, mining may cause a stream
to lose or gain water (Hobba, 1981).

The chemical quality of water in more than 6,000
miles of streams in the region has been identified as be-
ing substantially affected by coal-mine drainage. In
many of the affected stream reaches, the water is not
suitable for most uses without expensive treatment.
The pH of water draining from mined areas commonly
ranges from 2.0 to 5.0 in the northern part of the region
where rocks generally contain few calcareous minerals
and coal contains a substantial quantity of sulfur. In
contrast, the pH of mine drainage often is neutral or
alkaline in the southern part of the region where cal-
careous minerals are common and coal contains little
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sulfur. Specific-conductance values and concentrations
of total iron, total manganese, dissolved sulfate, and
dissolved solids usually are larger in mined areas than
in unmined areas.

Sources of sediment in surface mines include newly
cleared areas, haul roads, mine-spoil piles, and newly
reclaimed land. Strip-mine spoil is a mixture of freshly
exposed sandstone, limestone, shale, and soil. Mine spoil
rapidly weathers and decomposes into unconsolidated
particles that are easily eroded. If a mine site is not
reclaimed, mine-spoil piles may remain sources of large
sediment yields for many years. However, after a mine
site is properly reclaimed, erosion decreases substan-
tially, and sediment yield from the mine site is a short-
term issue (Staubitz and Sobashinski, 1983).

Ground-water resources may be affected by surface
and underground mining. However, underground min-
ing and related mine collapse usually cause the largest
changes. If a mine collapses, subsidence fractures de-
velop along or parallel to weak zones such as existing
joints and fractures. The effect on hydrology apparently
is the greatest near the land surface. Hobba (1981) indi-
cated that the underground mining process may cause:

1. Lowered water tables above the underground mine
and drying up of shallow wells;

2. Fluctuations as much as 100 feet annually of water
levels in some wells;

3. Increased infiltration of precipitation, causing
decreased evapotranspiration and resulting in
higher base flows or increased leakage into mines;

4. Interbasin transfer of ground water because of
mine pumpage or drainage;

5. Increased dissolved-solids concentrations and gen-
erally more acidic conditions; and

6. Large underground voids that can store large vol-
umes of water.

Some of the changes in hydrology caused by mining
are beneficial. Numerous underground coal mines, for
example, store plentiful supplies of potable ground
water, and many are being used as sources of public
supply. Lessing and Hobba (1981) determined that 72
public water systems in West Virginia pump more than
7 million gallons of potable water per day from aban-
doned coal mines to supply 81,600 people and various
establishments.
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associated with mining. This Act established a need for
expanded data bases to ensure compliance.

As coal became a more important source of energy,
the issue of how coal mining might affect water
resources also became more important. A need devel-
oped to assess the basic hydrologic information that
was available and to supplement deficiencies in the data
base as needed. Coal-area hydrology reports have been
published for all 12 of the coal areas (13-24) in the
Southern Appalachian region (table 1).

SURFACE-WATER NETWORK

The Surface Mining Control and Reclamation Act of
1977 resulted in an increase in the quantity of hydro-
logic data collected after 1977 in the Southern Appa-
lachian region. During 1976, stream-discharge data were
collected at 281 sites in the region. After passage of the
Act in 1977, a total of 320 new sites were established
to meet specific data requirements associated with new
coal-related studies. Most of these sites were intended
for short-term use, although a few have been maintained
to study the long-term effects of mining.

The greatest quantity of data collected consisted of
a continuous record of water stage and a calculation of
the daily stream discharge at a site. The period of record
for continuous-record data at specific sites extends as
far back as the late 1800’s, although a record of
20-t0-30-years duration is more typical. For many sites,
however, the data were collected for a specific study,
and the period of record may be for a few years only.
Data also were collected at partial record sites where
8 to 12 instantaneous-discharge measurements were
made annually during a period of several years.

One of the largest increases in the data-collection pro-
gram occurred in the area of water quality. There were
209 active water-quality sites in the region during 1976,
and an additional 535 sites were established after 1976.
The data collected include measurement of major cat-
ions and anions, physical properties, trace elements
(both dissolved and sorbed on the bottom materials),
and some biological data.

Most of the water-quality sampling was done synop-
tically to provide generalized areal coverage. Most of
the specific studies began during the late 1970’s in-
cluded a series of samples collected on a periodic basis,
commonly monthly, and at least one site where a con-
tinuous record was made of the temperature, pH, and
specific conductance.

Because of the importance of sediment, there was a
substantial increase in the number of sediment-data-
collection sites in the region after passage of the Surface
Mining Control and Reclamation Act of 1977. During
1976, there were only 35 sites where sediment data were

being collected. After 1976, the number of sites in-
creased to 213. The most cominon type of data collected
was suspended-sediment concentrations, although
particle-size analyses were done on some samples.

SURFACE-WATER CHARACTERISTICS

A stream discharge hydrograph of a stream located
near the middle of the Southern Appalachian region is
shown in figure 21. The flow variability illustrated by
this hydrograph is typical of streams throughout the
region. The general shape of the hydrograph would be
similar for basins of varying sizes, although the absolute
values of the stream discharge would increase as the
basin size increases.

Figured on a unit basis, many surface-water charac-
teristics are relatively uniform throughout the region.
For example, the average annual discharge of a stream
is equal to about 2 cubic feet per second per square mile
of drainage area; thus, a stream in a drainage basin of
100 square miles would have an average annual stream
discharge of about 200 cubic feet per second.

Low flows are affected by several factors that are dif-
ficult to measure quantitatively, such as the storage and
transmission capacity of the rocks of the area, the per-
viousness of the soil, and the type and density of vegeta-
tion, Low-flow frequency is expressed as the lowest
average stream discharge for a given number of con-
secutive days for a given recurrence interval. The 3-day,
20-year low flow and the 7-day, 10-year low flow are
common indices. Specific low-flow data are available
from the individual coal-area hydrology reports listed
in table 1, One generality that can be made, however,
is that most streams draining less than about 100
square miles in the region approach zero discharge dur-
ing the low-flow season.

Techniques have been developed for estimating the
magnitude and frequency of floods at gaged and un-
gaged sites throughout the region. These techniques are
represented by generalized regression equations from
which estimates can be made of flood flows at any site.
These equations are reported by McCabe (1962) and
Hannum (1976) for Kentucky, Randolph and Gamble
(1976) for Tennessee, and Peirce (1954), Gamble (1965),
Hains (1973), and Olin and Bingham (1977) for Alabama.

If the flows are arranged according to frequency of
occurrence and are plotted as a flow-duration curve, the
resulting curve shows the integrated effect of the
various factors that affect runoff in the basin. Typical
flow-duration curves for two streams in the region are
shown in figure 22. The curves are plotted in unit stream
discharge so that a more direct comparison can be made,
The shapes of the curves illustrate the differences in
flow characteristics between streams draining rocks of
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FiGURE 21.—Typical hydrograph showing variation of stream discharge for Collins River near
McMinnville, Tennessee, site 1 (fig. 20), during the 1977 water year in the Southern Appalachian
region (modified from May and others, 1981).

Pennsylvanian age that contain coal reserves and rocks
of other ages in this area. Richland Creek is typical of
streams draining uplands of the Appalachian Plateaus
physiographic province that contain coal reserves. The
flow-duration curve for Richland Creek is steep at
stream discharges less than 1 cubic foot per second per
square mile because of the small ground-water contribu-
tion to the stream. South Chickamauga Creek, however,
is typical of the Valley and Ridge physiographic prov-
ince, and its flow-duration curve has a flatter slope on

the lower end, indicating larger yields from the ground-
water system. The slope of the curves at the upper end
essentially is the same, indicating that the high-flow
runoff per square mile is similar for both streams.

SURFACE-WATER QUALITY

The range and median of specific-conductance meas-
urements for selected streams in the central part of the
region are shown in figure 23. These data are divided
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F1GURE 22.—Typical flow-duration curves for selected streams in the
Southern Appalachian region (modified from Hollyday and others,
1983; see figure 20 for location of sites).

into groups that clearly illustrate the effect of human
activity. The ranges illustrated also are typical of the
entire region, although localized sources of pollution
have caused the specific conductance occasionally to be
as much as 26,000 microsiemens per centimeter.
Water-quality issues associated with coal mining in
the region include increased concentrations of sulfate,
manganese, and iron. Acid waters and large concentra-
tions of trace elements that typically are associated
with coal mining generally are not issues in the region.
Sulfate concentrations in streams draining undisturbed
basins typically range from 20 to 40 milligrams per liter.
Streams draining areas disturbed by coal mining, how-
ever, typically contain sulfate concentrations ranging
from 100 to 2,000 milligrams per liter. Concentrations
of total recoverable manganese in streams in the region
range from 0 to about 25,000 micrograms per liter,
although the median values generally are less than 100
micrograms per liter. Total recoverable iron concentra-
tions in streams range from 0 to 510,000 micrograms
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2 SITE NUMBER
MAXIMUM
:|: MEDIAN
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SITE NUMBER
IN FIGURE 20 SITE NAME AND DRAINAGE AREA
2 South Chickamauga Creek near Chickamauga, Tennessee
(428 square miles}
4 Wolftever Creek above Ooltewah, Tennessee
(24.5 square miles)
5 South Chickamauga Creek at Chickamauga, Tennessee
(428 square miles)
6 West Chickamauga Creek near Kensington, Georgia
(73.0 square miles)
7 Sequatchie River near College Station, Tennessee
(154 square miles)
8 Sequatchie River near Whitwell, Tennessee
(402 square miles)
9 Long Branch near Hinkle, Georgia (3.73 square miles)
10 Daniel Creek at SR 143 near Trenton, Georgia
(4.80 square miles)
1" Bear Creek at SR 157 near Durham, Georgia
{7.98 square miles)
12 Rock Creek at SR 170 near Durham, Georgia
(0.80 square mile}
13 Rock Creek below SR 170 near Durham, Georgia
(0.80 square mile)
14 Rock Creek at Nickajack Road near Hinkle, Georgia

{7.40 square miles)

FIGURE 23.—Maximum, median, and minimum specific conductance
at selected surface-water-quality sites in the Southern Appalachian
region (modified from Hollyday and others, 1983).

per liter and have a median value greater than 1,000
micrograms per liter in the northern part of the region
and less than 500 micrograms per liter in the southern
part.

Basins draining surface-mined areas generally yield
5 to 10 times as much sediment as basins draining un-
disturbed areas. Although suspended-sediment yields
vary considerably because of topography, mining activ-
ity, rainfall intensity, and so forth, unmined areas in the
region cominonly yield 500 to 3,000 tons per square mile
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per year, and mined areas commonly yield 3,000 to
20,000 tons per square mile per year. It also is typical
for 60 to 70 percent of the total annual sediment load
at a given site to be transported during one major storm
during the year.

GROUND-WATER NETWORK

The effects of mining on ground water are not as
obvious as the effects on surface water, but they do ex-
ist. The network of data collected about ground water
in the region also was increased in response to the in-
creased interest in coal hydrology. During 1976, water-
level or water-quality data were collected at 102 wells
in the region. After 1976, data were collected at an ad-
ditional 261 wells. Because conditions affecting ground
water are not as variable as those of surface water, the
frequency of data collection is not as often. Water levels
may be measured daily, but more typically, monthly or
even annually is sufficient. Water-quality saniples may
be collected as infrequently as annually. Water-quality
analyses generally measured the concentrations of the
major cations and anions.

GROUND-WATER OCCURRENCE

Fractured sandstones and conglomerates supply
most of the water for wells in the region. Yields of wells
in these rocks range from 5 to 300 gallons per minute,
although most wells yield only 10 to 20 gallons per
minute. Wells in the carbonate rocks that overlie or
underlie the coal areas have yields ranging from 1 to
3,000 gallons per minute; most of these wells yield less
than 30 gallons per minute.

Water levels in wells throughout the region are not
affected by mining except for wells located close to min-
ing operations. In some instances, the area immediate-
ly adjacent to a mine is dewatered to prevent flooding
in the mine. The dewatering process is temporary, how-
ever, and would cease at the time of termination of the
mining and reclamation operations.

Coal mining in the Southern Appalachian region
seems to have less effect on the ground-water resources
than it does on the surface-water resources. This may
be because of fewer underground mines than surface
mines but also may be an indication of less available
data about ground-water resources to properly define
the extent of problem areas compared to the more
available data about surface-water resources.

GROUND-WATER QUALITY

The quality of water from ground-water systems in
the region typically is very good; dissolved-solids

concentrations generally are less than 500 milligrams
per liter. Ground water that is moderately to very saline
occurs in the region, although it tends to be sporadic
and localized.

The quality of water from wells in the Valley and
Ridge physiographic province generally is suitable for
drinking. However, contamination of ground water is
a potential issue throughout those areas of this province
that are underlain by carbonate rocks. These carbonate
rocks, primarily limestones and doloinites, are subject
to dissolution along fractures, joints, and bedding
planes (Hollyday and others, 1983), which can cause
large, interconnected conduits that facilitate the rapid,
extensive spread of contaminants.

Water from most wells in the Appalachian Plateaus
physiographic province is a soft to moderately hard,
mixed type (calcium bicarbonate, sodium bicarbonate,
or calcium sulfate) and contains relatively small concen-
trations of dissolved solids. Locally, acidic water may
occur and some large concentrations of manganese, iron,
and chloride have been reported (May and others, 1981).

Water from wells in the Interior Low Plateaus physio-
graphic province generally is a moderately hard to hard,
calcium bicarbonate type and contains moderate con-
centrations of dissolved solids. Large iron or manganese
concentrations are not a widespread issue, but locally,
large concentrations of both constituents have been
reported (May and others, 1983).

Water from most wells in the Central Lowland physio-
graphic province is a very hard, calcium bicarbonate
type and contains moderate concentrations of dissolved
solids. Iron and manganese concentrations generally are
within maximum contaminant levels for drinking water
(U.S. Environmental Protection Agency, 1986c¢).

COAL-HYDROLOGY STUDIES

Economic interest in coal resources and potential
hydrologic issues associated with coal mining have
prompted several hydrologic investigations in the re-
gion. The most intensive work has been done in the coal
areas of Alabama where the U.S. Bureau of Land Man-
agement is responsible for managing extensive Federal
Mineral Ownership lands. The U.S. Bureau of Land
Management has been involved in cooperative studies
with the U.S. Geological Survey in Alabama from 1976
to present (1985). These studies have included forma-
tion and compilation of hydrologic data bases on mine-
able lands, assessment of hydrologic changes resulting
from mining, and computer simulation modeling.

Knight and Newton (1977) reported that the degrada-
tion of water quality is the most serious and widespread
coal-mining-related issue in Alabama. Their work as-
sesses the extent of the issue in Alabama and describes
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work needed to further define the issue and to provide
the data needed to develop potential solutions. Data in-
dicate that water draining from mined areas common-
ly has a pH that ranges from 2.1 to 5.0, generally has
large sulfate and dissolved-solids concentrations, is hard
to very hard, and may contain objectionable concentra-
tions of iron.

Puente and Newton (1982) analyzed climatic, physio-
graphic, hydrologic, and land-use data for 67 basins in
the Warrior coal field and derived equations for assess-
ing water quality in streams that drain unmined areas
and mined areas that have been reclaimed. Their data
indicate that water-quality effects in mined basins
reclaimed under present mining laws are less severe
than in basins reclaimed under previous systems. In
addition, dissolved-solids concentrations varied in
response to the age of the mine. Generally, the concen-
trations maximized after about 7 years of mine opera-
tion and returned to pre-mining levels after about 15
years of mine operation. Some recent work, as yet un-
published (L.J. Slack, U.S. Geological Survey, written
commun., 1987) indicates that reclamation efforts in
Alabama are effective and will shorten this time cycle.

An assessment of hydrologic conditions in potential
coal-lease tracts in the Warrior coal field (fig. 1),
Alabama, was done by Puente and others (1982).
Climatic, physiographic, hydrologic, and land-use data
were analyzed to derive relations for assessing and
predicting water quality in streams that draim mined
and unmined areas. An equation was derived estimating
specific conductance. The independent variables in-
cluded stream discharge, percentage of basin mined,
channel distance between stream sampling site and
mined area, and relative age of mined areas. By using
additional equations, based on relations between
specific conductance and other constituents, estimates
can be made of water-quality variables commonly used
as mine indicators, such as hardness and dissolved-
solids and sulfate concentrations. Using these relations,
hydrologic assessments of the coal-lease tracts were
made. Based on limited verification data, these assess-
ments proved to be reasonably accurate. The effects of
future mining activities in tracts also were estimated.
The methods used to estimate future effects on surface-
water quality were described and examples were in-
cluded. In addition, Kidd and Hill (1983) prepared a
report summarizing the major coal-hydrology publica-
tions and project activities related to hydrology in the
Warrior and Plateau coal fields of Alabama (fig. 1).

Lake Tuscaloosa, a water supply for Tuscaloosa,
Alabama (fig. 20), is located in a drainage basin contain-
ing areas that are being surface mined for coal
Although only about 5 percent of the basin has been
mined, Cole (1984) has reported that there has been a

small increase in the dissolved-solids concentration of
the lake since the beginning of mining. Water draining
Cripple Creek basin, a mined basin, contributes an esti-
mated 310 tons per square mile per year of dissolved
solids to the lake. Water draining Binion Creek basin,
an unmined basin, contributes an estimated 50 tons per
square mile per year of dissolved solids to the lake. Cole
(1984) also reported that in some instances, natural
factors affecting sediment deposition in Lake Tusca-
loosa, such as steep overland and channel slopes, may
cause more sedimentation in the lake than is caused by
the disruption due to coal mining.

Bradfield (1986a, 1986b) has investigated the effect
of coal mining on the benthic macroinvertebrate com-
munity in Tennessee. Analysis of variance tests in-
dicated significant trends toward decreased number of
taxa, number of organisms, and sample diversity at
sites that have relatively poor water-quality conditions.
These trends indicate significant differences in benthic
invertebrate communities at sites with increasing
evidence of the effects of land use.

More than 50 reports have been published describing
the hydrology of mined areas in Alabama, Tennessee,
and Kentucky. In addition to the coal-area hydrology
reports, ongoing studies in Tennessee and Kentucky in-
clude the collection of a large volume of hydrologic data
that is used to formulate and compile data bases about
mineable lands. Data are being collected on basins with
premining, active mining, and postmining conditions,
although reports have not yet (1985) been prepared
describing the results of this work.

HYDROLOGIC ISSUES RELATED TO COAL MINING

Coal-mining activities in the Southern Appalachian
region have not produced any unusual or unexpected
hydrologic issues. The characteristics of streams drain-
ing basins containing extensive areas of surface min-
ing have been modified somewhat. If the vegetation in
the area is stripped, runoff and the speed with which
it moves may increase, thus affecting the magnitude
and timing of flood flow. By lowering the water table
in an area, the ground-water contribution to a stream
will decrease during periods of low flow; a stream may
contain less water than during premining periods, or it
even may go dry.

The most significant water-quality issue in the region
associated with mining is the increase of suspended-
sediment loads in streams adjacent to surface mines.
The increase may be fivefold to tenfold and may have
a serious deleterious effect on the streams and subse-
quent users of the water. However, retention ponds and
reclamation efforts are successful and can help ameli-
orate the extent of the issue.
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As expected, the concentrations of selected dissolved
constituents are increased by coal mining. The largest
concentration changes occur with sulfate and iron,
which are derived from solution of the pyrite (iron
sulfide) associated with coal. Other increases include

manganese and possibly some trace elements associated
with the suspended sediment. In general, increases in
the concentrations of sodium, chloride, calcium, and
magnesium in the water due to mining are not substan-
tial enough to restrict potential uses of the water.
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are on large streams where apportioning sediment
loadings to various land-use practices is difficult. The
reader is referred to table 1 and to the U.S. Geological
Survey District offices in the respective States for in-
formation regarding any particular site.

SURFACE-WATER CHARACTERISTICS

Typical flow-duration curves are shown in figure 25,
illustrating the similarity of larger streams in the region
whether unmined or mined (Quinones and others, 1983).
A report by Martin and others (1987) indicates that
stream discharge extremes are more moderate, high
flow is not as peaked, and low flow is more sustained
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EXPLANATION
SITE NUMBER

IN FIGURE 24 SiTE NAME AND DRAINAGE AREA
1 South Fork Panther Creek near Whitesville, Kentucky
(58.2 square miles)
Tradewater River at Ulney, Kentucky (255 square miles)

3 Little Cana Creek near Creal Springs, lllinois
(1.45 square miles)
4 Bankston Fork near Crab Orchard, lllinois

(1.90 square miles)

FIGURE 25.—Typical flow-duration curves for selected streams in the
Eastern region. Data for sites 1 and 2 are from Quinones and others
(1983); data for sites 3 and 4 are from Brabets (1984).

in small watersheds that have been mined than in un-
mined watersheds. Brabets (1984) showed these flow
characteristics for small streams in the Illinois part of
the region (fig. 25).

Using data from the existing network of surface-
water sites, many estimations and conclusions can be
made. Estimates of mean annual stream discharge in
the region are based primarily on drainage area. These
estimations are applicable to the streams in the region
for which long-term stream-discharge records are
available. A relation for estimating mean annual stream
discharge based on 38 years of discharge records for 23
surface-water-discharge sites that have drainage areas
ranging from 5.54 to 9,549 square miles in coal area 25
is shown in figure 26 (Zuehls and others, 1981a). This
relation is typical for streams throughout the region.
In addition, stream discharge extremes, including
7-day, 10-year high flow, 7-day, 10-year low flow, and
peak discharges, can be estimated using equations
developed from many years of discharge records at
surface-water-discharge sites in the region and are
reported in the coal-area hydrology reports (table 1).

SURFACE-WATER QUALITY

Generally, surface mining affects surface-water qual-
ity. The change almost always is a greater concentration
of dissolved solids, as indicated by specific-conductance
values (fig. 27). Specific-conductance data shown in
figure 27 are reported for selected stream sites in coal
areas 25 and 35. For all sites measured in the two areas,
specific conductance ranged from 85 to 2,720 micro-
siemens per centimeter at sites upstream from mining
and 160 to 9,200 microsiemens per centimeter at sites
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FIGURE 26.—Mean annual stream discharge for selected streams
in the Eastern region (modified from Zuehls and others, 1981a).
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MAXIMUM
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SITE NUMBER
IN FIGURE 24 SITE NAME AND DRAINAGE AREA
3 Little Cana Creek near Creal Springs, lilinois
{1.45 square miles)
4 Bankston Fork near Crab Orchard, lllinois
(1.90 square miles)
5 Spoon River at Seville, lllinois (1,636 square miles)
6 Big Muddy River at Murphysboro, lllinois
(2,169 square miles)
7 Indian Creek near Wyoming, lllinois (62.7 square miles)
8 Turkey Creek near Fiatt, lllinois {11.5 square miles)
9 North Fork Saline River near Texas City, lllinois
(173 square miles)
10 Lusk Creek near Eddyville, lllinois (42.9 square miles)
1 Big Creek near Bryant, lllinois (40.3 square miles)
12 Snakeden Hollow near Dahinda, lllinois
(9.82 square miles)
13 South Fork Saline River near Carrier Mills, lllinois
(147 square miles)
14 Sugar Creek near Stonefort, lllinois (35.4 square miles)

DATA IN FIGURE REPRESENT 5 TO 67 SAMPLES PER SITE
DURING 1970-79

FIGURE 27.—Maximum, median, and minimum specific conductance
at selected surface-water-quality sites in the Eastern region. Data
are from Zuehls and others (1981a, 1981b).

downstream from mining. Several studies (Toler, 1982;
Wilber and Boje, 1983; Brabets, 1984) indicate that
representations of statistical values for a selected
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FIGURE 28.—Relation of annual sulfate load to area of surface-mined
land for part of the Eastern region (modified from Toler, 1982).

constituent are not as useful as calculations of sulfate
loads, for example, in evaluating water quality of
surface-mined land in the region (fig. 28). Generally,
streams draining mined areas alse have larger concen-
trations of dissolved trace elements, such as iron, man-
ganese, nickel, and zinc and smaller values of pH. Glacial
geology also has an effect on stream quality. According
to a report by Wilber and others (1985), streams drain-
ing Wisconsinan glacial material in Indiana generally
have larger values of pH, greater alkalinity, and larger
calcium concentrations than streams draining areas of
bedrock or pre-Wisconsinan glacial material.

At sites where sediment data are not ebtained con-
tinuously, it is difficult to determine the total loading
of suspended sediment. Wilber and others (1985) con-
cluded that on the basis of present, incomplete data,
agricultural land and mined land cannet be distin-
guished from each other based on sediment yield, but
that sediment yields are substantially larger from these
lands than from forested land.

GROUND-WATER NETWORK

The U.S. Geological Survey network for collection of
ground-water data consists of about 30 wells where
ground-water-level information is obtained on a coen-
tinuous basis and about 10 wells where ground-water-
level information is collected on a semiannual basis.
Although many other wells were drilled for specific proj-
ects, they have been abandened. Thousands of wells
have been drilled in the region, but only limited data are
available from local agencies.
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GROUND-WATER OCCURRENCE

The major aquifers in the region are unconsolidated
glacial deposits; sandstones, coals, and limestones of
Pennsylvanian age; limestone and dolomite of Missis-
sippian through Silurian age; and sandstone of Cam-
brian age. The shallow aquifers are used mainly for
domestic supplies. In the southern part of the region,
large-capacity wells generally are developed in the deep
sandstones. In the northern part of the region, large
capacity wells generally are developed in outwash or
glaciofluvial channel deposits.

The bedrock units generally are poor water-yielding
aquifers, the best being the fractured sandstones and
then the coals themselves (Banaszak, 1980). The overly-
ing glacial material, especially sands and gravels in the
Wisconsinan till and the glaciofluvial channel deposits,
can be productive aquifers (yielding as much as 500
gallons per minute) and capable of supplying cities and
towns with water supplies.

GROUND-WATER QUALITY

Generally, ground water in the region is hard to very
hard, and dissolved-solids concentrations increase with
depth. In the southwestern part of the region, alluvial
aquifers had a median dissolved-solids concentration of
323 milligrams per liter, and bedrock aquifers had a me-
dian concentration of 519 milligrams per liter. In the
eastern part of the region, alluvial aquifers had a me-
dian dissolved-solids concentration of 316 milligrams
per liter, and bedrock aquifers had a median concen-
tration of 391 milligrams per liter. Shallow waters
generally are calcium bicarbonate type, whereas deep
waters can be sodium bicarbonate or sodium chloride
types.

COAL-HYDROLOGY STUDIES

Area assessments made during the Federal coal-
hydrology program provided the general hydrologic and
geologic description of the Eastern region. Wilber and
Boje (1983) determined that concentrations of metals
and other trace elements sorbed onto the clay fraction
of streambed materials at 69 sites in coal areas of In-
diana. They concluded that concentrations of aluminum,
arsenic, cobalt, iron, nickel, and selenium were substan-
tially greater for sediments from mined watersheds than
from agricultural or forested watersheds. In Illinois,
Brabets (1984) concluded that variability of discharge
was less for mined than unmined areas, but that dis-
solved solids, calcium, and sulfate concentrations were
greater for mined areas. Earlier, Toler (1982) determined
the same result for sulfate and further noted that

relatively large concentrations of dissolved aluminum,
arsenic, chromium, copper, iron, manganese, and zinc
commonly occur in mine drainages where sulfate con-
centrations are larger than 2,000 milligrams per liter.
In Kentucky, Davis and others (1974) have determined
that deep (as much as 1,000 feet) sandstone aquifers
contained freshwater. Ground-water studies have in-
dicated the importance of fractures in bedrock to
ground-water flow (Banaszak, 1980).

A modeling effort has been directed at assessing the
cumulative effects of discharge waters from several
mines on a single receiving stream. A theoretical
method (Bobay and Banaszak, 1985; Bobay, 1986)
has been developed for predicting the chemical effects
in surface water caused by the oxidation of iron and
manganese. This method explicitly solves chemical
reactions on a kinetic basis and mixing reactions on a
thermodynamic basis. The method needs to be cah-
brated using onsite data collected for that purpose and
then verified.

Patterson and others (1982) studied the use of sludge
irrigation (the sludge used was 5 percent solids) for land
reclamation, and they concluded that no difference in
ground-water or surface-water quality could be attrib-
uted to the application of sludge. The effects of dewater-
ing surface-mine pits have been studied by Weiss (1984)
and Weiss and others (1986). They determined, on the
basis of a finite difference model, dimensionless values
that are used in simple equations applied to hydrogeo-
logic settings typical of the Eastern region. Banaszak
{1985) reported on hydrogeologic effects of a hypothet-
ical coal mine in Indiana and concluded that a properly
conducted mining operation will have minimal effects
external to the mine. Finally, Wilber and others (1985)
conclude that: (1) pH levels of streams draining agricul-
tural, forested, and reclaimed mined watersheds gener-
ally range from 6.3 to 8.8; (2) pH levels in streams
draining unreclaimed mined watersheds are more vari-
able and range from 3.8 to 7.9; (3) boron, iron, manga-
nese, nickel, and zinc concentrations generally are larger
in mined watersheds than forested and agricultural
watersheds; and (4) iron and manganese concentrations
are less in reclaimed mined watersheds than in unre-
claimed watersheds.

HYDROLOGIC ISSUES RELATED TO COAL MINING

The major issue of the coal-hydrology program was
to quantify the effects of surface mining on surface-
water quantity and quality. It has been substantiated
that peak flows generally are decreased, low flows are
increased, and water quality is degraded in streams
draining reclaimed mined land. Evidence from studies
in Indiana indicates that even moderate reclamation
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efforts can yield substantial improvements. Additional The effect of dewatering of mine pits on ground water
data collection and analysis are needed to determine | can be predicted using new techniques. These effects
whether regulation of reclamation efforts will make im- | are increased permeability and storage but degraded
provements to the extent needed. quality of water.
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average as-received analysis of inajor coal reserves for
each State in the Western region are in table 2.

Approxiinately 1.3 billion tons of coal have been pro-
duced in the Western region (table 2). Coal production
began in 1840 and peaked about 1920. Production
generally declined froin the 1920’s through the 1950’s.
Since 1960, coal production has increased in Missouri
and Oklahona and peaked in these States during the
late 1970’s. Prior to the 1930’s, most coal was produced
by underground mining. Since the 1960’s, almost all pro-
duction has been from surface mines.

HYDROLOGY

The generalized objectives for the coal-hydrology pro-

gram in the region were to collect hydrologic data
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relevant to coal mining and to use these data in con-
junction with available data and reports to describe the
quantity and quality of surface- and ground-water
resources and the hydrologic effects of coal mining. To
fulfill these objectives, the hydrologic-data network was
expanded, coal-area hydrology reports were prepared,
and interpretive hydrologic studies were undertaken.
Coal-area investigations used available inforination
fromn reports and data files to describe: (1) Physical
features (climate, geology, and physiography); (2) ceal
mining (mining mnethods, coal production, locations of
mined areas, and coal reserves; (3) cultural features
(population, land use, and water use); and (4) hydrology
(hydrologic data base, streamflow and water-quality
characteristics, ground-water occurrence and quality,
and hydrologic effects of coal mining).

TABLE 2.—Coal beds, reserves, historic production, and average as-received analysis of major coal reserves for each State in the Western region

[Btu, British thermal units; --~--, data not available]
Average as-received analysis
State Coal beds Coal reserves Historic coal Moisture  Volatile Fixed Ash Sulfur  Heating value
(millions production  (range, matter carbon (range, (range, (range, in
of short (millions of in (range, (range, in in Btu’s per
tons)! short tons)! percent) in percent) in percent) percent) percent) pound)
Nebraska? Nodaway, Elmo, ........ 10 >1 17-35 26-34 21-41 8-20 1-6  4,400-9,700
Wamego, Lorton,
and Honey Creek.
Iowa3 Laddsdale, Carruthers, .. 2,885 370 4-13  31-37 35-47 11-29 4-8 8,800-10,500
White Breast,
Wheeler, Bevier,
and Mystic.
Kansas# Mineral, Bevier, ........ 1,388 290 5-10 — —_—— 10-14 3-7 11,100-12,600
Mulberry, and
Nodaway.
Missouri® Rowe, Drywood, Weir- ... 9,488 350 7-14  31-40 39-54 9-19 3-5 10,500-12,300
Pittsburg, Tebo,
Mineral, Fleming,
Croweburg, Bevier,
Mulky, Summit,
Lexington, and
Mulberry.
Oklahomaé Lower and Upper ....... 1,294 200 dry-7 17-45 44-74 4-16 1-6 11,000-14,400
Hartshorne, McAlester
(Stigler, Secor,
Mineral, Morris),
Croweburg, and
Iron Post.
Arkansas” Lower Hartshorne ...... 665 100 1.8-2.5 12-18 69-75 7-12 1-3 13,000-14,100

and Paris.

1Data from Averitt, 1975.
2Data from Burchett, 1977.

3Data from Landis and Van Eck, 1965; Avcin and Koch, 1979; Hatch and others, 1984.
4Data from Brady and Dutcher, 1974; Brady and others, 1976; Ebanks and others, 1979.

5Data from Wedge and others, 1976; Robertson and Smith, 1981.
6Data from Friedman, 1974.
"Data from Haley and others, 1979; Howard, 1984.
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SURFACE-WATER NETWORK

To provide hydrologic data for coal-hydrology investi-
gations in the 1970’s, approximately 115 stream-
discharge and surface-water-quality sites, and 50 strip-
mine-pond, water-quality sites were established in the
Western region. Nearly all of these data-collection sites
have been discontinued because the investigations sup-
porting them have been completed. However, long-term
data are available for many other sites. During 1982,
the U.S. Geological Survey collected hydrologic data at
191 continuous-record stream-discharge and reservoir
sites and at 51 surface-water-quality sites (chemical,
sediment, and (or) biological data) in the Western region.
High- and low-stream-discharge, miscellaneous stream
discharge, and miscellaneous surface-water-quality data
also were collected.

SURFACE-WATER CHARACTERISTICS

In the region, stream discharge varies over time in
response to daily, seasonal, and longer term fluctuations
in climatic factors (precipitation and evapotranspira-
tion); discharge also varies spatially in response to dif-
ferences in climate, topography, and geology. Daily
variations in stream discharge are caused by variations
in precipitation. When sufficient precipitation occurs
and produces overland runoff, discharge increases to a
peak and then decreases as precipitation and overland
runoff diminish and cease. Seasonal variations in stream
discharge primarily occur because of differences in
precipitation and evapotranspiration. Stream discharge
is greatest during the spring and fall when precipita-
tion quantities are large and evapotranspiration rates
are least. The least discharge generally occurs during
the summer when precipitation quantities are small and
evapotranspiration rates are greatest.

Average annual runoff generally increases from north-
west to southeast in response to increasing precipita-
tion in that direction (Busby, 1966). Flow-duration
curves (fig. 30) indicate the percentage of time that a
specified stream discharge was equaled or exceeded. The
part of the flow-duration curve that shows stream
discharges that are equaled or exceeded only a small
percentage of the time (during high flows) represents
discharge provided by overland runoff. The part of the
flow-duration curve showing stream discharges that are
equaled or exceeded most of the time (during low flows)
represents discharge provided mainly by base flow from
ground water.

The flow-duration curves for the Verdigris River (site
1), Petit Jean River (site 2), and Big Hill Creek (site 3)
are characteristic of streams draining rocks of Penn-
sylvanian age (mainly shale). The steep slopes of the
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PERCENTAGE OF TIME INDICATED STREAM
DISCHARGE WAS EQUALED OR EXCEEDED

EXPLANATION

SITE NUMBER
IN FIGURE 29  SITE NAME AND DRAINAGE AREA

1 Verdigris River near Claremore, Oklahoma
(6,634 square miles)
2 Petit Jean River near Booneville, Arkansas
(241 square miles)
Big Hill Creek near Cherryvale, Kansas (37.0 square miles)

4 Spring River near Quapaw, Oklahoma (2,510 square miles)

FIGURE 30.—Typical flow-duration curves for selected streams in the
Western region. Data for sites 1, 3, and 4 are from Marcher, Kenny,
and others (1984); data for site 1 are from Bryant and others (1983).

curves indicate that stream discharge primarily results
from surface runoff, is quite variable, and is not well
sustained by base flow. The Verdigris River has more
stream discharge per square mile during low-flow
periods than the other streams draining rocks of Penn-
sylvanian age because its drainage basin has more
alluvium, which provides larger volumes of base flow.
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The generally greater discharge of the Petit Jean River
is because of greater precipitation. The smaller streams
generally have more stream discharge per square mile
during high flows than large streams because smaller
basins have steeper slopes and because an individual
storm is more likely to cover completely a small
drainage basin than a large one. The slope of the flow-
duration curve representing the Spring River (site 4) is
much flatter than those curves representing the other
streams. The Spring River drains rocks of Mississippian
age (limestone, dolomite, and sandstone), which provide
greater volumes of base flow than do rocks of Penn-
sylvanian age.

Average-, high-, and low-flow characteristics have
been determined for stream-discharge sites that have
sufficient discharge records, and techniques have been
developed for estimating these characteristics at un-
gaged sites. These characteristics, techniques, and
additional information about stream discharge are avail-
able in coal-area hydrology reports for the region (table
1). For example, in coal area 38, equations for estimating
average annual flows and flood peaks for selected recur-
rence intervals have been developed (Detroy, Skelton,
and others, 1983). Also, in coal area 38, most streams
that drain areas less than 50 square miles will cease to
flow for 7 consecutive days during 50 percent of the
years.

SURFACE-WATER QUALITY

The quality of water in streams in the region generally
is dependent on the source of water providing the
streamflow. Streamflow provided by ground-water
discharge (base flow) usually has larger concentrations
of dissolved solids than streamflow that results from
overland runoff, because ground water has been in con-
tact with minerals in the rocks for a relatively long time.
As streamflow increases from overland runoff, concen-
trations of dissolved solids are diluted.

The types of dissolved constituents in streams during
base flow indicate the mineralogy of aquifer materials.
Streams draining areas where limestone or dolomite
crop out generally have relatively large concentrations
of calcium, magnesium, and bicarbonate. Streams drain-
ing areas where shale crops out can have relatively large
concentrations of sodium, chloride, and sulfate. General-
ly, measured dissolved-solids concentrations in streams
are less than 500 milligrams per liter and range from
less than 100 milligrams per liter in Arkansas to more
than 2,550 milligrams per liter in the Canadian River
basin in the extreme southwestern part of the region
in Oklahoma (Rainwater, 1962). A comparison of
specific-conductance values for selected streams drain-
ing unmined and mined areas is shown in figure 31.
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MAXIMUM
I MEDIAN
MINIMUM
SITE NUMBER
IN FIGURE 29 SITE NAME AND DRAINAGE AREA
5 Unnamed tributary to Mulberry Creek near Amoret,
Missouri {5.42 square miles}
6 Blue River near Stanley, Kansas (46.0 square miles)
7 Indian Creek at Overland Park, Kansas {26.6 square miles)
8 Tomahawk Creek near Overland Park, Kansas
(23.9 square miles)
9 North Sugar Creek tributary 3, below La Cygne Lake,
Kansas (1.96 square miles)
10 Mutberry Creek at Mulberry, Missouri {16.2 square miles)
1 Cox Creek tributary near Mulberry, Kansas
(8.00 square miles)
12 Cox Creek 1 mile south of Arcadia, Kansas
(30.0 square miles)
13 Deer Creek near Hallowell, Kansas (7.00 square miles)
14 East Cow Creek at Frontenac, Kansas (7.50 square miles)

FIGURE 31.—Maximum, median, and minimum specific conductance
at selected surface-water-quality sites in the Western region. Data
are from Detroy, Skelton, and others (1983) and Marcher, Kenny,
and others (1984).



58 SUMMARY OF THE NATIONAL COAL-HYDROLOGY PROGRAM, 1974-84

During high streamflow, there are increases in con-
centrations of suspended sediment and some constitu-
ents, such as iron and manganese, that are sorbed to
suspended sediment. Mean annual suspended-sediment
concentrations of streams in the region increase from
less than 270 milligrams per liter in the southern and
eastern parts of the region to more than 6,350 milli-
grams per liter in the western part (Rainwater, 1962),
generally because the eastern part has more forest and
woodland and the western part has more cropland.

GROUND-WATER NETWORK

To provide ground-water data for coal-hydrology
investigations in the 1970’s, approximately 100 ground-
water-level and (or) ground-water-quality sites were
established in the Western region. Nearly all these data-
collection sites have been discontinued because the in-
vestigations supporting them have been completed.
During 1982, the U.S. Geological Survey collected
ground-water-level data at 122 observation wells in the
region. Miscellaneous ground-water-quality data also
were collected.

GROUND-WATER OCCURRENCE

Ground-water resources are limited in most of the
region. Although ground water occurs throughout the
area and there is ample precipitation to provide
recharge, well yields are controlled by hydrogeologic
properties of aquifers. The following discussion is based
on State summaries presented in U.S. Geological
Survey (1985). Bedrock of Pennsylvanian age, primari-
ly fine-grained shale with some limestone, is present at
or near the surface throughout most of the region. Wells
in rocks of Pennsylvanian age generally yield less than
50 gallons per minute; wells in these rocks are shallow
and frequently go dry during droughts. Cretaceous
sandstones in the southwestern and northwestern parts
of the region are productive aquifers and commonly
yield 50 to 500 gallons per minute. Carbonate-rock
aquifers of Cambrian, Ordovician, and Mississippian
age, primarily limestone and dolomite with some sand-
stone, occur along the eastern edge of the region and
commonly yield 50 to 100 gallons per minute. Alluvial
aquifers of clay, silt, sand, and gravel are present in
valleys of the Missouri, Kansas, East and West Nishna-
botna, Platte, Grand, Thompson, Chariton, Des Moines,
Osage, Canadian, and Arkansas Rivers, and yields com-
monly exceed 1,000 gallons per minute. Glacial-drift
aquifers and buried alluvial-valley aquifers occur
primarily north of the Kansas and Missouri Rivers.
Water yields from these aquifers may exceed 500
gallons per minute in some parts of the region. Alluvial

and glacial-drift aquifers are recharged easily by precip-
itation and surface drainage.

GROUND-WATER QUALITY

Water from rocks of Pennsylvanian age, which occur
at the surface in most of the region, can have large con-
centrations of sodium, chloride, and sulfate if the water
is from a shale formation. Calcium and bicarbonate
generally are the major dissolved constituents in water
from limestone formations. In or near outcrop areas
where bedrock aquifers receive recharge, concentrations
of dissolved solids usually are less than 1,000 milligrams
per liter. As the strata dip toward the west, the ground
water becomes more minerahzed and generally is not
used.

The Cretaceous sandstone aquifers yield calcium
magnesium sulfate type water in the northwestern part
of the region and sodium or calcium bicarbonate type
water in the extreme southwestern part of the region.
The limestone and dolomite aquifers of Cambrian, Or-
dovician, and Mississippian age generally yield calcium
bicarbonate type water along the eastern edge of the
region.

Water from the alluvial aquifers generally is a calcium
magnesium bicarbonate type, and concentrations of
dissolved solids generally are less than 500 milligrams
per liter. Glacial-drift aquifers and buried alluvial-valley
aquifers that occur north of the Kansas and Missouri
Rivers yield calcium bicarbonate type water. Concen-
trations of dissolved solids generally are less than 500
milligrams per liter in water from shallow wells, but con-
centrations usually increase with depth. Alluvial and
glacial-drift aquifers are very susceptible to contamina-
tion from surface sources.

COAL-HYDROLOGY STUDIES

Reports of U.S. Geological Survey coal-hydrology
studies are available for Iowa, Kansas, Missouri, and
Oklahoma (fig. 32 and table 1); some results are de-
scribed briefly here. These reports contain hydrologic
information necessary to determine the effects of coal
mining on water resources. Several of the reports pres-
ent hydrologic data collected during the investigation;
the other reports are interpretive and either provide
areal descriptions of the physical setting, coal-mining
activities, cultural features, hydrology, and hydrologic
effects of coal mining and (or) present methods used to
identify, assess, or predict various hydrologic effects
of coal mining,

The water quality of coal-mining areas in south-
central Iowa was investigated in cooperation with the
Iowa Department of Environmental Quality. The report
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as the area of abandoned mines drained by the stream
increased.

The U.S. Geological Survey, in cooperation with the
U.S. Bureau of Land Management, investigated water-
resources effects of coal mining on Federal coal lands
in Oklahoma. Reports containing hydrologic data,
descriptions of the physical settings, preliminary ap-
praisals of hydrology, and probable hydrologic effects
of coal mining have been published for the Blocker area
in Pittsburg County (Marcher and others, 1983a), the
Stigler area in Haskell County (Marcher and others,
1982), the Rock Island area in Le Flore County (Marcher
and others, 1983b), and the Red Oak area in Latimer
County (Marcher and others, 1983c). Results of these
investigations indicate that streams draining unmined
parts of these areas had mean concentrations of dis-
solved solids ranging from 50 milligrams per liter in the
Red Oak area to 322 milligrams per liter in the Rock
Island area. Streams draining mined parts of the areas
had mean concentrations of dissolved solids ranging
from 132 milligrams per liter in the Red Oak area to
1,766 milligrams per liter in the Stigler area. Concen-
trations of iron and manganese were larger downstream
from areas of old and recent strip mining in the Red Oak
area than in unmined parts of the area. Information
about other coal-hydrology investigations in the
Western region that are not yet completed, or for
which reports are not yet published, can be obtained
from U.S. Geological Survey district offices in this
region.

HYDROLOGIC ISSUES RELATED TO COAL MINING

Surface and underground mining of coal disturbs the
hydrologic environment, often affecting the quantity
and quality of surface and ground water in the region.
The clearing of Tand prior to surface mining causes in-
creased runoff and erosion, which increases concentra-
tions and loads of suspended sediment in receiving
streams. Sediment ponds constructed to intercept run-
off from active surface mines regulate discharge by
decreasing flows. However, concentrations and loads of
suspended sediment in streams draining active mines
are larger than normal because colloidal clay particles
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ponds are relatively short and flocculating agents are
not used (Bevans, 1984). As mining proceeds, excava-
tion exposes unweathered bedrock to physical and
chemical weathering.

In most of the region, excess acidity generated from
weathering of iron sulfide minerals increases the
weathering of calcite and dolomite, leaving increased
concentrations of dissolved solids (sulfate, bicarbonate,
calcium, and magnesium) in solution. However, in shaft-
mined areas where carbonate rocks are not exposed dur-
ing mining, excess acidity decreases the pH, thereby
releasing iron, mnanganese, aluminum, lead, zinc, and
other metals into solution (Kenny and others, 1982). Me-
dian values and ranges of specific conductance often are
greater in streams draining mined basins. A comparison
of specific-conductance values for selected streams
draining unmined and mined basins is shown in figure
31. Specific conductance and concentrations of dis-
solved solids increase as the percentage of drainage
basin that is mined increases (Bevans, 1980).

If an aquifer is disturbed during mining, water will
be pumped from the mine, and local water levels may
decline. After mining ceases, the ridge-and-furrow
topography and strip pits of abandoned surface mines
and the mine shafts and sinkholes above collapsed tun-
nels of abandoned underground mines intercept runoff
and increase recharge, thereby decreasing high flow and
increasing base flow in streams that drain the mines.
Reclaimed surface mines, which have been graded to ap-
proximate the original topography and have been
planted in grass, probably will not affect ground-water
levels or flow in adjacent streams within the region.

Small streams draining mined areas in the region
often are contaminated during low-flow conditions by
base flow that has large concentrations of sulfate and
other dissolved constituents or by acid mine drainage.
"During runoff, the contamination is diluted (Bevans,
1980). Active and abandoned surface mines will con-
tribute large quantities of sediment to receiving streams
until vegetation is reestablished. Reclaimed surface
mines yield quantities of sediment comparable to un-
disturbed areas. Water-quality degradation in streams
that results from coal mining usually is only a local issue
because runoff and base flow from unmined parts of a

often do not settle out if detention times in the sediment

drainage basin dilute the coal-mine drainage.
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NORTHERN GREAT PLAINS AND ROCKY MOUNTAIN PROVINCES—FORT UNION REGION

By ORLO A. CROSBY and CLARENCE A. ARMSTRONG

The Fort Union region (fig. 33), an area of about | (about 1,000 square miles), includes coal areas 45-47
45,000 square miles in east-central Montana (about | (table 1). About 41,000 square miles of the region is in
14,000 square miles), western North Dakota (about | the Missouri River drainage basin and about 4,000
30,000 square miles), and northwestern South Dakota | square miles is in the basins of the Des Lacs and Souris
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FIGURE 33.—The Fort Union region, coal areas 45-47, and sampling sites.
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Rivers in northwestern North Daketa. Although gen-
erally included in the basin of the Missouri River, the
Coteau du Misseuri, a part of the Great Plains prov-
ince in northwestern Nerth Dakota (pl. 1), contributes
little or no surface flow to the river basin, although it
contains many prairie potheles, sloughs, and small
lakes.

The region is in the Great Plains and Central Lowland
physiegraphic previnces (pl. 1). The Coteau du Missouri,
a part of the Great Plains physiographic province, is
a series of elongated hills, ridges, sloughs, and prairie
potheles that is bounded on the north by a scarp that
grades inte the Central Lowland physiographic prov-
ince. The Central Lowland physiegraphic province in
the region is characterized by a northeastward-sloping
plain with a few low, rounded hills and shallow
depressions.

Mean annual precipitation ranges from 12 inches in
the western part of the region to about 18 inches in the
east-central part. About 65 percent of the annual
precipitation eccurs during May through August. Most
of the precipitation that falls during June, July, and
August is the result of thunderstorm activity (U.S.
Weather Bureau, 1962). Mean annual snowfall is about
36 inches. Mean annual lake evaporation ranges from
about 34 inches in the northeastern part of the region
to about 45 inches in the southwestern part (National
Oceanic and Atmespheric Administration, 1982).

The entire region is located within the ovate Williston
basin. The axis of the basin trends north-nerthwest,
and the deepest part is in eastern McKenzie County,
North Daketa. Maximum thickness of the sedimen-
tary rocks of Cretaceous and Tertiary age is about
15,000 feet.

The oldest formation exposed in the area is the Cre-
taceous Bearpaw Shale or the equivalent Pierre Shale.
The overlying marine Fox Hills Sandstone and the con-
tinental Hell Creek Formation that overlies the Fox
Hills Sandstene alse crop out in scattered locations in
Meontana. The Fox Hills Sandstone generally is con-
sidered the deepest formation that could yield fresh-
water; it consists of sandstone and interbedded
siltstone, shale, and sandy shale. The Hell Creek For-
mation is compesed of interbedded sandstone, clay-
stone, and lignitic shale.

Glacial drift, primarily till and glaciofluvial deposits,
covers the northeastern part of the region. Glacial till,
where present, ranges in thickness from 0 to as much
as 600 feet. Glaciofluvial depesits are variable in thick-
ness but can be as much as 400 feet thick. Alluvium con-
sisting of clay, silt, sand, and gravel is as much as 40
feet thick and occurs in channels and flood plains of
present-day streams.

At present (1985), land use in the area is about 52

percent rangeland, 38 percent cropland, 1 percent
woodland, and 9 percent other uses (primarily urban and
developed areas). About 86 percent of the land surface
is privately owned; about 9 percent is federally owned
and administered primarily by the U.S. Ferest Service
as National Grasslands; and abeut 5 percent is owned
by the State. About 35 to 40 percent of the ceal in
the region is federally owned, about 5 percent is owned
by the States, and the rest is privately owned. Coal
ownership is shown in detail on maps available from the
U.S. Bureau of Land Management (1974, 1975, and
1977).

The population of the region is about 280,000 (U.S.
Bureau of Census, 1981). Cities with pepulations of
more than 5,000 are Bismarck, Dickinson, Mandan,
Minot, and Willisten, Nerth Daketa, and Glendive and
Sidney, Meontana.

Thermeoelectric-power generation and irrigation ac-
count for about 95 percent of the water used in the
region. About 97 percent of the total water used is ob-
tained from surface-water sources and about 3 percent
is obtained from ground-water sources.

COAL RESOURCES

Coal in the study area is classified as lignite (fig. 3),
and much of it is near the land surface where it can be
mined economically using surface-mining techniques.
Estimates of coal reserves in the region vary greatly.
Strippable lignite reserves in Montana were estimated
by Slagle and others (1984) to be abeut 7.3 billien tons,
about 20 percent of previous estimates made by the
U.S. National Research Council (1981a). Similarly, strip-
pable reserves in North Dakota (fig. 33) were estimated
to be about 4.2 billien tons by Pollard and others (1972),
about half the estimate of the U.S. National Research
Council (1981a). Pollard and eothers (1972) did net in-
clude in their estimate any coal beds less than 5 feet
thick, even though they might overlie the principal bed
to be mined. In 8 of the 16 coal deposits evaluated in
North Dakota, they also did net include any coal that
might occur beneath more than 50 feet of overburden.
Current limits on everburden stripping in the State are
about 150 feet. In attempting to correct the estimates
of Pollard and others (1972) for the deficiencies noted,
the North Dakota Geological Survey during 1981 esti-
mated reserves at about 15 billien tons of strippable
coal in the State (North Daketa Geological Survey,
1981), about twice the U.S. National Research Council
(1981a) estimate. No strippable coal reserves occur in
South Dakota.

Coal mining in the region began during the late
1800’s. Early production was from small underground
mines that provided fuel for local consumption. When
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equipment became available, strip mining began and
increased until about 1940, when 2,230,000 tons were
produced in the region—800,000 tons from underground
mines. Total production of coal generally increased at
an irregular rate to about 8.5 million tons from July
1975 through June 1976. Production from underground
mines decreased and had ceased by 1966. From July
1979 through June 1980, about 17 million tons of coal
was produced from 13 coal mines in North Dakota and
1 coal mine in Montana. A history of coal mining m
North Dakota has been chronicled by Oihus (1983).

Most of the coal presently (1985) is being used for the
production of electricity, but some is used for the manu-
facture of synthetic natural gas, charcoal briquettes,
drilling-mud additives, and organic solvents. The larg-
est production of coal is in Mercer, Oliver, and western
McLean Counties, North Dakota, where about 10 mil-
lion tons of coal is mined annually to supply nearby
powerplants.

HYDROLOGY

Many data-collection changes occurred in the region
as part of the cooperative U.S. Geological Survey and
U.S. Bureau of Land Management coal-hydrology pro-
gram. New stream-discharge and surface-water-quality
sites were added, and some historical sites were
expanded.

Because of funding decisions, most of the stream-
discharge and surface-water-quality sites have been
discontinued. The data that were collected constitute
a substantial data base from which changes due to pres-
ent or future coal mining may be substantiated;
however, detailed studies probably will be needed to
determine the rate and extent of the changes that may
occur. During 1983, the U.S. Geological Survey im
cooperation with the North Dakota Public Service Com-
mission established two programs im which eight of the
previously established stream-discharge and surface-
water-quality sites are monitored at 6-week intervals.
Monitoring at these sites is expected to continue until
mining at upstream sites ends, thus providing a nearly
complete record of the effects of mining activities m the
basins being monitored. '

Water-quality sampling began im the coal areas as
early as 1945, but it was not until the mid-1970’s that
the need for a much larger water-quality data base was
recognized. At about the same time the coal-area studies
were being initiated, an expanded suite of water-quality
determinations also was made at most coal-area sites.
The expanded suite of constituents collected included
onsite determinations of specific conductance, pH,
alkalinity, dissolved oxygen, and water temperature and
laboratory determinations of common ions, nutrients,

and sediment. In addition, trace elements, pesticides,
radioactive constituents, microbiological and biological
contents, and some organic compounds were deter-
mined on an irregular basis.

SURFACE-WATER NETWORK

The surface-water data-collection network im the
region started with the establishment of a few
contimuous-record stream-discharge sites during 1903.
The number of continuous-record sites has fluctuated
but generally mcreased with time to the present (1985)
number. The first sites were established as part of a
water-accounting system and were located on the Mis-
souri and Souris River main stems and on the major
tributaries to the Missouri River. Additional sites soon
were established on these tributaries and other streams
as the demands for water increased. The early estab-
lished sites provide a long-term record from which
surface-water statistical mformation can be obtained.
The long-term records also can be used to extend
incomplete or short-term records using correlation
techiiques. However, regulation, storage, or diversion
on many streams has rendered mvalid the usage of
parts of long-term records to define surface-water
characteristics.

Before 1970, most of the contimuous-record stream-
discharge sites were established on the larger perennial
streams to meet some specific water-management need.
During the 1970’s, the contimuous-record stream-
discharge measurement site network was expanded to
obtain data to evaluate the hydrology of the region.

Generally, sites established during the 1970’s were
established in response to the U.S. Bureau of Land
Management’s energy-related responsibilities. As a
result, 10 continuous-record stream-discharge sites and
15 crest-stage stream-discharge sites were added to
those im Montana. Forty-five contmuous-record stream-
discharge sites were added to those previously estab-
lished in North Dakota. One contmuous-record stream-
discharge site was added m South Dakota.

Miscellaneous stream-discharge measurements
(generally low flow) were made at 104 sites in the region.
Many of the measurements were made as part of 13
small-area coal studies. These stream-discharge
measurements were used to determine the ground-water
contribution to streamflow.

Interest m low-flow characteristics has resulted im
periodic measurements of low-flow discharge on many
large and small streams for 1 or more years. Because
of the ephemeral nature of the streams and the varied
sources of low-flow discharge, correlation of low flow
between sites is poor, and onsite measurements are the
only dependable source of mformation.
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A network of crest-stage stream-discharge sites was
established along a number of streams during 1954-55.
Most of these sites in North Dakota were discontinued
during 1973. Data from these sites, in addition to data
from the continuous-record stream-discharge sites, were
used to develop flood-frequency and magnitude rela-
tions. Operation of the crest-stage stream-discharge
sites also resulted in the collection of a large quantity
of periodic stream-discharge information. Many new
methods, such as those described by Crosby (1975), were
developed to estimate surface-water characteristics
from these limited data.

Most of the data collected at continuous-record and
crest-stage stream-discharge sites are available in
computer-usable form. The data collected since 1965
also are available in annually published U.S. Geological
Survey reports, “Water Resources Data for Montana,”
“Water Resources Data for North Dakota,” and “Water
Resources Data for South Dakota.”

Water-quality sampling by the U.S. Geological
Survey began as early as 1945. The program to sample
the major streams for water-quality properties and com-
mon ions was continued for 5 or 6 years at most sites.
A major effort was made during the late 1970’s and
early 1980’s to acquire a more complete water-quality
data base. Water-quality data have been collected at 135
sites in the study area. The data collected at these sites
are variable with regard to time and duration of collec-
tion. Also, there are data for additional miscellaneous,
one-time-sample, water-quality sites in the U.S. Geo-
logical Survey files. The data are available in pub-
lished form in annual reports of the U.S. Geological
Survey, in the U.S. Environmental Protection Agency’s
STORET computer files, and, since about 1950, in
the U.S. Geological Survey’s WATSTORE computer
files.

Water-quality determinations were made at 68 sites
in the region as part of the U.S. Geological Survey and
U.S. Bureau of Land Management coal-hydrology pro-
gram. A complete list of the constituents that were
determined for Montana can be found in Slagle and
others (1984) and for North Dakota in Croft and Crosby
(1987) and Crosby and Klausing (1984). Statistical
evaluation of water-quality data during the program
was completed by Haffield (1981).

A common practice for several years has been for U.S.
Geological Survey investigators to obtain water-
temperature and specific-conductance measurements
whenever a discharge measurement is made. These data
also are stored in the computer files.

Prior to 1976, most sediment data were collected on
the main-stem Missouri River or near the mouths of the
major tributaries. Since 1976, mainly in response to in-
creased energy development, sediment data also have

been collected at many other sites. The data generally
are determinations of the sediment concentrations at
the time of discharge measurements. In addition, some

particle-size analyses were made.

SURFACE-WATER CHARACTERISTICS

Stream discharge varies greatly within the area.
Flows in all unregulated streams have large seasonal
variations, and the largest flows occur during spring as
a result of snowmelt and rainfall. Stream discharge in
the Missouri River is not as variable because of the

effects of upstream storage reservoirs. Further infor-
mation can be obtained by referring to Slagle and others

(1984), Croft and Crosby (1987), and Crosby and Klaus-
ing (1984), and (or) by contacting the U.S. Geological
Survey offices in Helena, Montana, and Bismarck,
North Dakota.

Daily-flow hydrographs (fig. 34) indicate the seasonal

variation in stream discharge during 1980 for the
Yellowstone River (site 1) and for the Redwater River

(site 2). The hydrographs indicate the effects of
snowmelt and rainfall on the discharge in a large

perennial stream (Yellowstone River) and a typical
prairie stream (Redwater River). Increased discharge in

the Yellowstone River during May and June and in the
Redwater River during March and April is the result
of snowmelt.

A method and equations for estimating average
annual flows using basin characteristics have been

10000017171 T T T T T T T 1

10,000 ;‘V‘/M\/\‘ﬂ
SITE 1

Yellowstone River ]
1,000 — near Sidney, Montana

(Drainage area, 69,103

o SITE 2 . square miles)

Z 100 Redwater River |
O at Circle, Montana

8 (Drainage area, 547

%) square miles)

e 10f AN

w

a.

0.1

STREAM DISCHARGE, IN CUBIC FEET

P Y Y Y B B |
OCT NOV DEC JAN FEB MAR APRMAYJUNEJULYAUGSEPT

WATER YEAR

FIGURE 34.—Typical hydrographs showing variation of stream
discharge for selected streams during the 1980 water year in the
Fort Union region (modified from Slagle and others, 1984; see figure
33 for location of sites).
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developed for ungaged sites in central and eastern Mon-
tana (Omang and Parrett, 1984). Data for calculating
mean available flows for all stream-discharge sites in
coal areas 46 and 47 are available in reports by Croft
and Crosby (1987) and Crosby and Klausing (1984).
Flood estimates can be made from available data for
gaged and ungaged streams in the region. The most
reliable estimators of future floods generally are the fre-
quency analyses of stream-discharge records. Regres-
sion equations for estimating floods on ungaged
streams draining less than 100 square miles are in a
report by Crosby (1975), and equations for ungaged
streams draining 100 square miles or more are in a
report by Patterson (1966).

SURFACE-WATER QUALITY

Dissolved-solids concentrations vary greatly in water
from all streams except the Missouri River. The most
common dominant cations are calcium, magnesium, and
sodium, and the dominant anions are bicarbonate,
sulfate, and chloride. Large dissolved-solids concentra-
tions can be objectionable because of possible
physiological effects, mineral taste, or economic con-
straints associated with their removal.

Numerous standards have been established for
dissolved solids. Generally, it is desirable to have con-
centrations of dissolved solids less than 500 milligrams
per liter for public water supplies. During snowmelt
runoff or high runoff from thunderstorms, most streams
in the region have dissolved-solids concentrations less
than 500 milligrams per liter. During periods of low
flow, dissolved-solids concentrations in water from
many of the streams will exceed 1,300 milligrams per
liter, an approximate concentration at which the water
will acquire a mineralized taste.

Water contaiming dissolved-solids concentrations in
excess of 2,500 milligrams per liter has only limited use;
however, livestock will tolerate larger concentrations of
dissolved solids under most circumstances (National
Academy of Sciences, National Academy of Engineer-
ing, 1973). Dissolved-solids concentrations of water in
many streams will exceed 2,500 milligrams per liter dur-
ing extremely low flows when ground-water discharge
is the primary source of water.

Medians and ranges of specific conductance at
selected surface-water-quality sites are shown in figure
35. A summary of medians and ranges of specific con-
ductance at 26 sites for different-sized drainage areas
upstream and downstream from mining is shown in
figure 36. The median specific conductance of streams
in small basins downstream from mining is greater than
that of streams in similar unmined basins. However, the
median specific conductance of streams downstream
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FIGURE 35.—Maximum, median, and minimum specific conductance
at selected surface-water-quality sites in the Fort Union region. Data
are from Crosby and Klausing (1984).

from mined and unmined basins greater than 50 square
miles in size is essentially the same.

Unpolluted streams draining undisturbed basins in
the region generally will have alkaline water. Values of
pH in the streams commonly range from about 6.5 to
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FIGURE 36.—Summary of medians and ranges of specific conductance
at 26 sites for different-sized drainage areas in the Fort Union
region.

8.5. Even though a substantial degree of basin disturb-
ance occurs because of mining, the surface waters
generally remain alkaline. The surface waters are buf-
fered by carbonate minerals in the prairie soils, and
stream pH decreases to less than 7.0 only during major
precipitation or when the site is located immediately ad-
jacent to acid sources such as lignite outcrops. Oxida-
tion of sulfur species in the coal-mining areas generally
will cause a decrease in pH. However, the prevalence
of soils that have moderate buffering capacity makes
acid mine drainage unlikely.

Sulfate concentrations in streams generally are
discharge dependent; concentrations in most streams
are less than 250 milligrams per liter during runoff from
snowmelt or from intense thunderstorms, and these con-
centrations are more than 500 milligrams per liter at
low flows when streamflow is dominated by ground-
water discharge. The variation of sulfate concentrations
with discharge makes detection of changes due to min-
ing problematical without a record of concentration
variations throughout a varied range of discharges. The
network of surface-water sites in the region provides a
substantial data base for providing this background
information.

The coal-bearing formations in the area generally con-
tain enough carbonate minerals to rapidly neutralize
any acids that may form. Hence, trace elements general-
ly are not dissolved in quantities large enough to exceed
drinking-water standards (U.S. Environmental Protec-
tion Agency, 1986a, 1986c¢). Iron, which is not known
to be toxic, is one possible exception. Many water
samples contained dissolved-iron concentrations larger
than 300 micrograms per liter, which is the recom-
mended limit. Most of this excessive iron, however, is
believed to be in a colloidal form that may have passed
through the 0.45-micrometer filter that was used to
process water samples prior to analysis of dissolved
chemical species. Locally, boron concentrations may be
excessive for some sensitive plants; but, generally, con-
centrations of boron are less than that which might
damage most crops that are grown in the region. At
some sites, standards for other trace-element concen-
trations have been exceeded for short intervals during
base flow, but no deleterious effects from any of the
above excessive trace-element concentrations have been
reported.

A poor correlation exists between the sediment con-
centration and measured discharge for small basins in
the area. The poor correlation is because of the great
variability of factors such as soil types, soil conditions
(frozen, thawed, degree of saturation, and tillage), land
use, precipitation intensity, rapidity of snowmelt, and
the time of sampling in relation to hydrologic events.

Almost all the available water-quality data are from
areas of undeveloped energy resources. It would be
extremely difficult, if not impossible, to extrapolate
these data to estimate the effects of mining or other
land-use changes. It is unlikely that cumulative effects
of energy development will be detectable at downstream
sites on major streams for many years.

GROUND-WATER NETWORK

The ground-water network provides general water-
level and ground-water-quality data for most of the
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region. The network of ground-water observation wells
being monitored is reviewed and updated periodically.
The network as of September 30, 1981, comprised 395
wells. The frequency of measurement can vary from one
annual measurement to a continuous record. Lithologic
logs are available for all observation wells. Various
geophysical logs also commonly are available. At least
one chemical analysis of water is available for most
wells. Chemical quality routinely is monitored at several
of the wells. Many other wells have been constructed
by the U.S. Geological Survey and various cooperators
but are not part of the network. Information on these
observation and test wells is available from the U.S.
Geological Survey computer storage files and in pub-
lished U.S. Geological Survey annual State reports.
Some data concerning several thousand private wells
scattered throughout the coal areas also are available.

GROUND-WATER OCCURRENCE

Bedrock aquifers consisting of sandstone, lignite, and
clinker underlie the entire region and are the only
sources of ground water throughout most of the region.
Yields of wells developed in these aquifers vary depend-
ing on the thickness of the aquifer and the rate at which
water moves through the aquifer.

Wells scattered throughout the region produce water
from aquifers in alluvial, terrace, or glacial sand and
gravel. Most stream valleys in the region contain some
alluvium, but generally only the larger valleys contain
sufficient alluvium to yield water.

The major glacial-drift and alluvial aquifers were
deposited in river valleys formed by meltwater from
glaciers. These valleys range from 0.25 to 2 miles
in width and may be as much as 300 feet deep. In
addition, a few preglacial river valleys contain sand
and gravel aquifers. The preglacial drainages range
from 0.5 to 5 miles in width and may be as much as
400 feet deep.

Ground water also is obtainable from isolated sand
and gravel lenses in the glacial till. These lenses
seem to be distributed randomly both laterally and
vertically.

Water levels in shallow aquifers less than 200 feet
deep indicate that the ground-water flow patterns follow
the land surface, and flows are from the topographic
high areas toward the nearby drainages. Water levels
in the deeper aquifers indicate that the water is under
artesian pressure, and regional flow generally is from
the southwest to the northeast. Because of artesian
pressure, wells flow when drilled in or near the bottom
of the valleys in the Missouri, Yellowstone, or Little
Missouri River basins. Flows from wells in these valleys
have decreased the artesian pressure beneath these

river valleys so that part of the regional flow has been
diverted toward these rivers.

GROUND-WATER QUALITY

Quality of water from wells developed in alluvial and
glacial-drift aquifers generally is suitable for most uses.
Dissolved-solids concentrations range from 159 to 1,000
milligrams per liter. Calcium generally is the principal
cation present, but magnesium or sodium may be
significant locally. Bicarbonate is usually the dominant
anion present, but sulfate may dominate locally when
sodium is abundant.

The quality of water from shallow bedrock aquifers
is quite variable. Included in this group are most lignite
and sandstone aquifers that may be affected by mining.
Dissolved-solids concentrations, which range from 286
to as much as 9,700 milligrams per liter, commonly in-
crease with depth. Sodium and calcium generally are the
principal cations present, but magnesium sometimes is
abundant in waters dominated by calcium. Sodium
dominance over calcium generally increases with depth
because of cation exchange of divalent cations for
sodium on sodic smectites in the siltstones and clay-
stones of the Tertiary and Cretaceous formations. Bicar-
bonate and sulfate are the dominant anions present. In
parts of aquifers affected by combined pyrite oxidation,
gypsum dissolution, and cation exchange, local sulfate
concentrations may be as much as 6,500 milligrams per
liter.

Water from aquifers at depths greater than about 200
feet in the Tertiary and Cretaceous formations generally
has smaller dissolved-solids concentrations than water
from shallower bedrock aquifers. Furthermore,
dissolved-solids concentrations generally are greater in
the Tertiary aquifers in the Fort Union Formation than
in the Cretaceous aquifers, but chemical compositions
are similar. Sodium and bicarbonate ions dominate.
Calcium and magnesium concentrations tend to be
small because of cation exchange for sodium in the
overlying siltstones and claystones. Sulfate usually is
a minor constituent, and concentrations generally are
less than 100 milligrams per liter because of sulfate
reduction as the water moves downward. Dissolved-
solids concentrations in the aquifers range from 610 to
10,200 milligrams per liter and increase from southwest
to northeast. Wells in this group supply most of the
ground water used in the region. Although the water
generally is soft (less than 60 milligrams per liter
calcium carbonate), large dissolved-solids concentra-
tions in addition to large sodium-adsorption ratios make
the water unsuitable for irrigation except locally near
the outcrop areas. Water from bedrock aquifers general-
ly is usable for domestic, livestock, and some industrial
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use, but the large concentrations of dissolved solids
cominonly exceed the criteria and regulations estab-
lished by the U.S. Environmental Protection Agency
(1986b, 1986¢). Large fluoride concentrations have been
detected in water from some wells, and these concen-
trations may restrict water used for domestic supply.
Additionally, some water is unsuitable for use by people
on sodium-restricted diets because of large sodium
concentrations.

COAL-HYDROLOGY STUDIES

Many investigations concerning coal or water
resources in the Fort Union region have been completed.
Most of the studies completed prior to the mid-1970’s
were related to coal thickness, ash content, or some
other characteristic of the coal. Hydrologic studies
generally were not oriented toward coal and water rela-
tions, but much valuable data concerning well yields
and the quality of water in coal beds were collected.
Many of these older studies have been referenced by
Slagle and others (1984), Croft and Crosby (1987), and
Crosby and Klausing (1984).

Many of the investigations since about 1975 have
been oriented toward coal and hydrologic relations.
Many of the investigations made by the U.S. Geological
Survey were initiated to aid the U.S. Bureau of Land
Management in their management and leasing respon-
sibilities (Crawley and Emerson, 1981; Armstrong,
1982; Horak, 1983a, 1983b). The studies also contrib-
uted to an expanded data base that, in turn, made it
possible to determine some environmental effects and
to project probable future environmental effects of coal
mining. Other investigations, principally done in cooper-
ation with the State agencies, have been oriented
toward understanding the hydrologic and hydrochem-
ical processes that may be affected by mining and
documenting these effects at selected sites. Many of
these investigations have been listed by Cochran and
others (1983).

Extensive investigations, such as those by Moran and
Cherry (1977) and Groenewold and Rehm (1980), have
identified mining and reclamation practices that will
maximize postmining reclamation and land use. Reports
of other studies, such as those by Sandoval and others
(1973) and Sandoval and Gould (1978), discuss methods
of returning the landscape to maximum productivity
for cropland or rangeland, which were the principal land
uses prior to mining.

To develop a predictive means of simulating the
effects of land-use changes such as opening a mine
on previously farmed land, rainfall-runoff models
were applied to typical small basins (Emerson, 1981,
1988). Because basin characteristics have not been

regionalized, extension of these models to other un-
mined or mined sites has not been possible.

Moran and Cherry (1977) reported temporal increases
in saline seeps associated with mining. The overall flow
regimen probably would be altered only slightly by min-
ing unless impoundments or other alterations are made
on the main-stem streams.

Van Voast and others (1978) and Groenewold and
others (1983) indicated that leachates of spoils material
at several sites throughout the region are enriched two
to five times in dissolved-solids concentrations relative
to median dissolved-solids concentrations in uninined
aquifers. Thus, runoff from spoils or reclaimed areas,
or both, probably will have increased salinity.

Moran and others (1979) stated that the dissolved-
solids concentration of a stream affected by mining is
approximated by the mass-balance mixing of spoils
water and natural ground water in proportion to the
percentage of the drainage basin occupied by mine
spoils. If only a small percentage of the drainage basin
upstream from a monitoring site is occupied by mine
spoils, no change in water quality would be observable
at the site.

Attempts to assess basin-wide effects of mining have
been few. To date (1985), perhaps the most successful
assessment was a model developed by Woods (1981) to
determine the effect of mining at multiple sites in south-
eastern Montana on the dissolved-solids concentration
in the Tongue River. Because of the complexities and
uncertainties involved, most attempts to assess the
cumulative effects of mining on the hydrologic system
have resembled the gqualitative approach of Lumb
(1983).

Typical cones of ground-water heads in the vicinity
of mines in North Dakota and Montana have been
described by Groenewold and others (1979, 1983), Davis
(1984b), and many others. Because typical strip-mining
processes produce a zone of relatively large hydraulic
conductivity at the base of reclaimed spoils (Winc-
zewski, 1977), most aquifers destroyed by mining are
restored effectively during reclamation. Rehm and
others (1980) have stated that the restored aquifers
have hydraulic properties within the range exhibited
by unmined lignite and sandstone aquifers in the
area. Furthermore, because spoils and reclaimed soils
have greater infiltration capacities than undisturbed
over-burden, and because water-table depressions pro-
duced by mine operations induce large horizontal gra-
dients in hydraulic head, water levels in most reclaimed
aquifers approach premining levels within a few years
of mine cessation. Restoration of premining water levels
has been documented extensively at several North
Dakota mine sites by Groenewold and others (1979,
1983).
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Because increased quantities of soluble salts seem to
characterize spoils relative to unmined overburden,
most efforts at predicting the quality of spoils water
have used ultimate column leaches (Hood and Oertel,
1984) or batch mixing solutions (Davis, 1984b). Dif-
ficulties relating experimental results to water-rock
reaction ratios in disturbed and undisturbed aquifer
systems have caused investigators to use empirical
ratios between experimental analyses and measured
spoils-water quality in one locality to predict spoils-
water quality elsewhere. Resultant large uncertainties
in these predictive methods need not obscure their util-
ity as a management tool at sites having no previous
history of mining.

Geochemical studies of spoil-pile samples from mines
in the region indicated that leachate from spoils was
more alkaline and contained considerably more soluble-
salt material than did the leachate from natural topsoil
from nearby locations (Sandoval and others, 1973;
Groenewold and others, 1983). Sodium-adsorption ratios
for spoil extracts ranged from 2 to 64; most ratios were
large enough to indicate limited revegetation potential.
Other analyses (Power and others, 1974) indicated that
Paleocene shales from depths greater than 30 feet con-
tained considerable exchangeable ammonium nitrogen.
When these shales were exposed to the atmosphere,
nitrification of exchangeable ammonium occurred that
resulted in increased soil nitrate content after mining.
Groenewold and others (1983) reported ground-water
nitrate enrichments at several mine sites and attributed
them to a combination of the above process and nitrate
released by explosives used in mining operations.

Investigations of the processes affecting ground-
water quality in mined and unmined shallow bedrock
aquifers in the Fort Union region have been done by
Moran and others (1978) and Groenewold and others
(1983). These investigations documented a consistent
set of interrelated chemical reactions. Mining operations
accelerate these chemical reactions, which already are
operative in the natural environment.

Acceleration of sulfide-mineral oxidation and dissolu-
tion of generated gypsum catalyzed by cation exchange
are the principal reasons that spoils water contains
sulfate and sodium. Although the quality of ground
water in the vicinity of surface mines apparently has
deteriorated to some extent, the mineral content of
deteriorated water generally remains less than or equal
to the maximum concentration that occurs in some
wells prior to mining. However, Rahn (1975) and Van
Voast and others (1978) indicated that median concen-
trations of dissolved solids in spoils water can be 60 to
73 percent greater than those in domestic and livestock
wells in the vicinity of mines. Moran and others (1978)
and Groenewold and others (1983) determined that

median concentrations of sulfate in spoils water were
two to five times greater than those in wells unaffected
by mining.

From 1955 to 1967, uranium was obtained from
uraniferous coal in eastern Billings, northeastern Slope,
and western Stark Counties, North Dakota, by first
stripping the overburden from the coal, then covering
the coal with waste oil and old tires and burning the
coal onsite, transporting the ash by truck to nearby
kilns for further concentration of the uranium in the ash,
and subsequent shipping of the ash by train to uranium-
ore processing plants in Colorado and New Mexico.
Once mining ceased, seepage from the lignite aquifers
flooded mine pits, enabling uranium and associated
trace-element constituents in residual ash and spoils to
contaminate the ground water.

Because infiltration in spoils and reclaimed land is
depression concentrated and fracture controlled, in-
filtrating water contacts a finite quantity of disturbed
soils and geologic materials that are a source for solu-
ble contaminants. Thus, available mineral salts in mined
land can be removed by leaching infiltration in a rela-
tively short period of time. Groenewold and Murphy
(1983) have reported that water in spoils older than 25
years is not appreciably more concentrated in dissolved
solids than water in adjacent, undisturbed aquifers.
Thus, disturbance of unreclaimed spoils can produce
ground-water-quality degradations from unleached salts
as severe as those initially produced by mining.

Projection of hydrologic and hydrochemical con-
sequences observed at mine sites to downgradient,
offsite locations has been hindered by limited infor-
mation about the hydraulic properties of spoils and
coal and by the complexity of the chemical reactions
involved. Available data about hydraulic properties for
the aquifer materials have been collected by Rehm
and others (1980), but very little is known about
anisotropy and fracture control of flow. Furthermore,
little is known about the potential of downgradient
aquifers to cleanse themselves of mine wastes by ion
exchange on coal and clay minerals and by sulfate
reduction.

HYDROLOGIC ISSUES RELATED TO COAL MINING

Hydrologic issues that have occurred in the region as
a result of mining have been few. Isolated issues that
have been identified are associated with: (1) Modifica-
tion of land-surface topography and stability; (2) in-
creased sediment discharge; and (3) alteration of the
quantity and quality of surface water and ground water
available in mining areas. However, most of these issues
may be ameliorated by application of appropriate min-
ing and reclamation procedures.
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Because mining changes the configuration of the land
surface, postmine landscapes sometimes are not suit-
able for return to original land uses. For instance, if
sufficient spoils are not available to restore all the land-
scape to elevations above the water table, it may be
necessary for some of the land to be established as
wetlands for use by migratory waterfowl or to construct
lakes for recreational use. In the worst example of
reclamation, unreclaimed spoils may be suitable only
for wildlife habitat; or, in the mstance of underground
mining, caving may produce a pitted land surface that
is of limited usefulness and that is potentially
dangerous.

The effects of mining on the quantity and timing of
runoff are dependent on mining practices, but these ef-
fects usually are very minor. Some realignment of small
tributaries may be needed, but the overall drainage
areas should remain virtually unchanged.

The watershed area subject to active mining at any
one time is too small to substantially ‘alter the flow
magnitudes except possibly during periods when there
is only base flow. Alteration of existing stream chan-
nels to intercept and divert surface runoff within the
mining area can cause alterations in existing flow
regimes downstream.

Local erosion and transportation of sediment may
increase, at least initially, because of removal of vege-
tative cover from land contributing runoff to the
streams. The sediment yield will depend on the mining
practices—the development of sedimentation ponds, the
stability of diversion channels, and the speed with which
vegetative cover can be reestablished (Gilley, 1980).
However, State and Federal laws require containment
of sediment and runoff within the mine site, so offsite
effects should be minimal.

Surface waters within mining areas typically are
degraded by increased concentrations of sulfate, which
is consistent with leachate studies. Locally, decreases
in pH and increases i concentrations of hydrogen
sulfide, sodium, bicarbonate, iron, and fluoride also may
occur. However, the quantity of recharge of streams by
runoff will be decreased by increased mfiltration in
spoils and reclaimed soils and containment of runoff
within mined areas. Water that unavoidably flows into
or precipitation that falls directly on the mined area can
be pumped or otherwise routed to impoundments where
excessive sediment loads and objectionable chemical
concentrations may be ameliorated by settling or
discharged during high-flow periods. Because runoff
and surface-water flow could be readily managed by
routing techniques or construction of impoundments,
surface runoff should produce little change in the
chemical quality of water diverted around active min-
ing areas. If necessary, mines could chemically treat

water leaving mine sites to minimize further changes
in surface-water quality.

Despite control of surface factors that might affect
surface-water quality at mine sites, some degradation
of surface-water quality downstream from mine areas
may be observed because of seepage of degraded ground
water into the surface water. To accurately determine
the effects of strip mining on water quality, a premin-
ing data base needs to be established in areas of pro-
posed mining. Resampling of wells after mining has
begun could indicate if there is any alteration of water
chemistry because of the mining. However, most site-
specific studies have had limited or no premining data;
so water-quality changes attributed to mining in the
studies were inferred from temporal and spatial changes
as mining expanded or began in new areas.

Effects of mining on shallow ground-water systems
are not nearly so manageable using design features as
those on surface-water systems. Removal of the coal
could disturb enormous volumes of earth, some of which
may have been a local aquifer. In some imstances, ef-
fects of mining excavations could extend into a regional
flow system. In any event, all disturbed earth, whether
it is saturated or unsaturated, is a medium for the move-
ment of subsurface water, and removal of the coal
disturbs the natural flow regime. Any aquifers within
or above the coal could be destroyed at the mine site
during mining and could cause decreases in hydraulic
head for some distance from the mine. In most in-
stances, local wells destroyed by mining can be replaced
in deeper strata. The distance to which the drawdown
extends and the rate at which it spreads depends on the
magnitude of recharge and discharge fluxes, the prox-
imity of the mine to the ground-water recharge and
discharge areas, and the hydraulic characteristics of the
aquifers and adjacent materials.

Normal dragline stripping procedures result in the
replacement of materials in approximate reverse order
of their original state except for the topsoil. Near-
surface material is replaced at the base of the spoil piles
and deeper sediments on the surface. Therefore, sedi-
ment that was deeply buried and at equilibrium with
areducing environment would be replaced in an environ-
ment of rapid oxidation and weathering; similarly, sedi-
ment that had been exposed to surface oxidation would
be replaced in a reducing environment, often below the
water table. Resultant oxidation, weathering, and alter-
ation reactions could produce large quantities of solu-
ble salts that might affect infiltrating water. Because
strata exposed in mine pits are exposed to the same
chemical processes that affect spoils, these strata also
may be a source of soluble salts to infiltrating water.

Because sulfide minerals such as pyrite contain
abundant quantities of trace-element contaminants,
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oxidation could release trace elements to the hydrologic | in most ground and surface waters would produce
system. However, the quantity and nature of the | rapid precipitation of most trace elements even though
clay minerals in the Paleocene Fort Union Formation | present in small concentrations. Thus, the potential
would indicate that transport of trace elements would | for contamination of ground water by concentrations
be retarded greatly by adsorption and cation exchange. | of trace elements toxic to people would seem to be
Furthermore, the large bicarbonate concentration | small.
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contains the largest reserves of all the coal-bearing
rocks; most of the coal presently mined is in this unit.

Reserves of lower Tertiary coal in the regions are very
large. Recent estimates of strippable coal are 33 billion
tons in the Montana part of the regions (Matson and
Blumer, 1973) and 24 billion tons in the Wyoming part
(Lowry, Wilson, and others, 1986, p. 34). Total coal
reserves in Wyoming exceed 500 billion tons. The
estimated reserves for Wyoming probably will change
as the result of a recently completed, extensive coal-
mapping program by the U.S. Geological Survey.

Generally, the lower Tertiary coal beds are nearly flat
lying, are at or near the surface, and are uninterrupted
by folding or faulting. The thickness of coal beds in one
coal field in the Bighorn Basin region in Montana ranges
from 3 to 12 feet. In contrast, in the Powder River
region, the Healy coal bed (Wasatch Formation) near
Buffalo, Wyoming, is more than 200 feet thick, and the
extensive Wyodak-Anderson coal bed (Fort Union For-
mation) near Gillette in northeastern Wyoming is 25 to
175 feet thick, averaging about 70 feet. Most of the Ter-
tiary coals of these regions are classified as sub-
bituminous (figs. 3, 4), although some coal in the
extreme northern part of the Powder River region is
lignite. Similarly to the Upper Cretaceous coal beds, the
subbituminous Tertiary coals have a small sulfur
content—less than 1 percent in the Wasatch and less
than 3 percent in the Fort Union. Heat content of the
coals generally is about 8,200 British thermal units per
pound, although 10,000 British thermal units per pound
is reported for coals in the Bull Mountain coal field.

Strip mining of the lower Tertiary coal beds, par-
ticularly in the Powder River region, is extensive. The
coal beds first were mined during the late 1800’s in
many of the coal areas. Much of the early mining was
underground, and production was small in comparison
with that of the present (1985). As of 1984, there were
no underground mines, but 26 active surface mines pro-
duced more than 140 million tons in Montana and
Wyoming (table 3). All mining is from the Fort Union
Formation, except in Converse County, Wyoming,
where mining is from the Wasatch Formation. Nearly
all the coal produced is used for thermoelectric power
generation in at least 16 States. Campbell County,
Wyoming, leads the Nation in coal production with 14
mines, including the Nation’s two largest, Black
Thunder and Belle Ayr. All 14 mines are in the Wyodak
coal bed. Two additional mines are under construction
in Campbell County, and several more are planned in
Montana and Wyoming.

Most of the foregoing information about coal
resources, unless otherwise noted, was obtained from
the coal-area hydrology reports by Slagle and others
(1983, 1986), Lowry, Wilson, and others (1986), and

TABLE 3.—Active coal mines and coal production by county, lower
Tertiary coal beds, Powder River, Bighorn Basin, and Wind River
regions and Bull Mountain coal field

[Sources: Montana Department of Labor, written commun., 1984; Wyoming

State Inspector of Mines, written commun., 1985]

Location Number Production
of mines of mines  (millions
of tons)
Montana (1983)
Big Horn County .................. 4 16.32
Musselshell County ................. 2 .02
Rosebud County ................... 2 12.12
Subtotals ........................ 8 28.46
Wyoming (1984)
Campbell County ................... 14 106.80
Converse County ................... 1 3.34
Sheridan County ................... 2 2.52
Hot Springs County ................ 1 .04
Subtotals ........................ 18 112.70
Totals .............covivivnnnian, 26 141.16

Peterson and others (1987). The original sources of the
information are cited in those reports.

HYDROLOGY

Information about the hydrology of the Powder River,
Bighorn Basin, and Wind River regions was inadequate,
in view of the impending very large increase in coal strip
mining in the eastern half of the region. Two general-
ized objectives for the coal-hydrology program in these
regions have remained unchanged since 1974: (1) To in-
crease knowledge about the availability of water; and
{2) to provide information for assessing the effects of coal
development on water resources on a regional basis and
on a site-specific basis. The term “coal development” in-
cludes mining and transportation of coal, mine reclama-
tion, coal conversion, and increased population.

A twofold approach was used: (1) Hydrologic-data net-
works were expanded or otherwise enhanced; and (2) in-
terpretive hydrologic studies were begun. The two types
of activities, which were coordinated, were confined
mainly to the Powder River region. Regionally, there
was a substantial base of information upon which to
build, largely because of long-term interest in water sup-
plies in the semiarid areas of the regions. Locally, the
information base was sparse to nonexistent; for exam-
ple, except for flood hydrology, little was known about
the hydrology of small basins that have ephemeral
streams typical of most of the areas underlain by strip-
pable coal. Data bases and techniques for estimating
flood discharges and hydrographs for small ephemeral
streams were available from previous studies and
proved invaluable to the coal-hydrology program.
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SURFACE-WATER NETWORK

Collection of systematic (contimuous or recurrent)
records of discharge in these regions began during the
1890’s at a few sites. Collection of daily or monthly
water-quality and suspended-sediment samples did not
begin until 1946. Most stream-discharge, water-quality,
and suspended-sediment sites were located on the
largest streams and their principal tributaries. The data
were needed by the U.S. Geological Survey to inventory
and assess the surface-water resources of the regions
and by State and other Federal agencies to plan and
develop surface-water resources. Over the years, the
network has been expanded substantially.

Sampling frequency and types of analyses of water-
quality samples vary at a site and differ among sites.
Onsite determinations of temperature, pH, and specific
conductance of water comimonly are made. At some
sites, determinations may include dissolved oxygen and
turbidity. Laboratory analyses usually mclude common
dissolved ions (salinity) but also may imclude trace
elements, nutrients, pesticides, and radiochemical and
biological constituents.

During 1974, there was considerable expansion of
the surface-water network for coal hydrology and of
the funding from three main sources: (1) The U.S. Geo-
logical Survey’s program to describe the water
resources of the coal regions; (2) the U.S. Bureau of
Land Management’s program to obtain information for
the orderly and environmentally sound development of
Federal coal resources; and (3) the U.S. Environmental
Protection Agency’s energy-related program for ex-
panded water-quality monitoring at network sites. The
coal-hydrology program included a 4-year (1977-81) ex-
periment in which the U.S. Geological Survey con-
tracted with a private engineering firm to imstall and
operate a number of stream-discharge, water-quality,
and suspended-sediment sites in the regions. The data
collected by the contractor met or exceeded U.S. Geo-
logical Survey accuracy standards, but the activity was
determined to be more costly than if done by U.S.
Geological Survey personnel; therefore, the experiment
was terminated.

Pairs of stream-discharge sites were installed during
1974 at 16 locations to measure gains or losses of
discharge in streams crossing outcrops of the Madison
Limestone im the Powder River region in northeastern
Wyoming. This project was done in cooperation with
the Wyoming State Engineer and the Old West
Regional Commission. The number of pairs of sites was
decreased during 1976; operation of the remaining sites
continued through 1982. Many of the sites were located
at remote, high-mountain locations, making access
difficult. Time and funding constraints precluded

construction of cableways for making high-water
measurements. Therefore, dye-dilution techniques were
modified for measuring discharge at the remote sites.
The results were considered adequate for computing the
high-water discharge at the sites.

As of 1982, approximately 290 stream-discharge sites,
230 water-quality sites, and 190 sediment sites had been
operated at one time or another in these regions. Most
water-quality and sediment sites are located at stream-
discharge sites so that dissolved-solids concentrations
and suspended-sediment loads can be computed. The
period of record at these sites ranges from 1 year to
many decades. Since 1980, the network has decreased
steadily as Federal funding for coal-hydrology investi-
gations has decreased. However, most of the sites added
after 1973 have 5 or more years of record, thus pro-
viding valuable documentation of conditions with which
future conditions can be compared.

In addition to continuous-record stream-discharge
sites, the network includes partial-record stream-
discharge sites and miscellaneous stream-discharge
sites. Partial-record stream-discharge sites are operated
to obtain supplemental flood-frequency data. Funded
mainly im cooperation with the Montana and Wyoming
Highway Departments, most partial-record stream-
discharge sites are used to record only the annual peak
discharge, but a few specially imstrumented sites were
used to record complete hydrographs of rainfall and
runoff on small ephemeral streams. A total of 117
partial-record stream-discharge sites have been oper-
ated in the regions, but most have been discontinued.

Approximately 300 documented miscellaneous
stream-discharge sites are in the regions, particularly
in the Powder River region. These are sites where one-
time or occasional measurements of discharge have been
made or chemical or biological samples collected. Com-
monly, data collection is done on a synoptic or areawide
basis, such as reconnaissance measurements of low flow
or water quality.

SURFACE-WATER CHARACTERISTICS

Although about three-fourths of the area of the
regions consists of plains drained by ephemeral and in-
terrupted streams, most of the runoff occurs in the few
large perennial streams that transect the regions and
in their smaller perennial tributaries that originate in
the mountains. Discharges in all streams have large
seasonal and year-to-year variations (fig. 38); the largest
discharges occur during the spring as a result of
snowmelt and rainfall. Plains streams, many of which
do not flow most of the year, can have large flows of
short duration because of thunderstorms. Characteris-
tics cominonly used to describe or assess surface-water
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FIGURE 38.—Typical hydrographs showing variation of stream
discharge for selected streams in the Powder River, Bighorn Basin,
and Wind River regions. A, Seasonal variation in a small ephemeral
stream. B, Seasonal variation in an intermediate-sized perennial
stream draining the mountains. C, Year-to-year variation in a large
perennial stream.

resources are low-flow statistics, average annual flow,
and flood-frequency statistics.
Low-flow frequency statistics can be computed from

discharge records for sites on perennial streams but not
for sites on ephemeral streams. Frequency curves
plotted from low-flow statistics differ greatly among
streams. Low-flow statistics can be considered as in-
dicators of the minimum sustained supply available in
a stream without the use of artificial storage. Because
the differences are related to factors that are difficult
to quantify, such as geology, predictive equations for
low-flow frequency generally are not available for this
region; however, a low-flow analysis for surface-water
sites in northeastern Wyoming was made by Arinen-
trout and Wilson (1987).

Average annual discharge differs greatly among
streams. Small plains streams typically have average
annual discharges of less than 10 cubic feet per second,
larger mountaim streams have average annual dis-
charges of 20 to 200 cubic feet per second, and the
largest stream, Yellowstone River at Miles City,
Montana, has an average annual discharge of 11,620
cubic feet per second (for 56 years of record). Equa-
tions are available in reports by Omang and others
(1982) and Omang and Parrett (1984) for estimating
average annual discharges at ungaged stream sites in
the Montana part of the regions and in the report
by Lowham (1976) for sites in the Wyoming part. Equa-
tions used in both States are based on two very
different methods—channel geometry and basin
characteristics.

Flood-frequency information is derived from the
record of annual peak discharge at stream-discharge
sites. The magnitude and frequency of floods at un-
gaged sites can be estimated using equations by Omang
and others (1982) for sites in Montana and by Lowham
(1976) for sites in Wyoming. For small ephemeral
streams in Wyoming (drainage areas smaller than about
11 square miles), the equations of Craig and Rankl
(1978) can be used to estimate the magnitude and fre-
quency of floods. A revision of the equations for
estimating peak discharges on streams in Wyoming is
in Lowham (1988). Also available are procedures for
estimating flood volumes and for constructing synthetic
hydrographs for small ungaged basins (Craig and
Rankl, 1978) and a useful compilation of rainfall and
runoff hydrographs for small basins with ephemeral
streams (Rankl and Barker, 1977).

During May 1978, the maximum flood of record was
exceeded at about one-third of the sites in the regions
(Parrett and others, 1984, p. 1). The 1978 peak discharge
on the Yellowstone River at Miles City was 102,000
cubic feet per second, the largest ever recorded in this
region. The 1978 flood data were used to substantiate
the use of the step-backwater method of developing
rating curves at sites on ephemeral streams (Druse,
1982).
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SURFACE-WATER QUALITY

Dissolved-solids concentrations, used to characterize
the general quality of water in streams, generally are
larger in plains streams than in mountain streams.
Dissolved-selids concentrations alse vary inversely with
discharge at a given site but generally increase down-
stream. Perennial plains streams typically have large
variations in dissolved-solids concentration between the
time of spring runeff and the period of base flow. During
times of spring runeff, the concentration of dissolved
solids sometimes is less than 100 milligrams per liter,
while during base flow, some of the plains streams have
concentrations greater than 4,000 milligrams per liter.
Dissolved-solids concentrations for selected streams in
these regions are shown in figure 39.

The major cations in meost streams are calcium,
magnesium, and sodium; the major anions are bicar-
benate and sulfate. Generally, the mountain streams
have a calcium magnesium bicarbonate type water and
downstream enrichment in sedium and sulfate; most
plains streams have sodium sulfate type water. Concen-
trations of disselved trace elements seldom exceed
drinking-water standards in the regions; exceptions are
iron and manganese, which eccur in naturally large con-
centrations in many plains streams. The pH of water
in nearly all streams is greater than 7, thus precluding
excessive dissolution of trace elements from streambed
materials. Concentrations of alkalinity are large in most
streams; because of that buffering capacity, streams in
the regions are not susceptible to acid drainage from
mines.

Baseline water-quality data in the Powder River
region generally are adequate to assess effects of future
mining because of the network expansion and
miscellaneous sampling that occurred during the coal-
hydrology program. Also, equations for estimating
dissolved-solids concentrations from measurements of
specific conductance of water samples are given in
Slagle and others (1983, 1986) for the Montana part of
the Powder River region and in Rucker and DeLong
(1987) for the Wyoming part. Disselved-seolids loads can
be simulated from records of specific conductance and
stream discharge.

Suspended-sediment transport is quite variable in
time and space and is documented adequately because
of long-term moniteoring for the largest streams, such
as the Bighorn and Powder Rivers, and for a few peren-
nial tributaries. Since 1975, sediment sites also have
been operated on many smaller streams in the Powder
River region, thus providing baseline information about
perennial streams. Generally, more than 80 percent of
the suspended sediment is silt and clay. Concentrations,
which vary directly with discharge, have ranged from
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4 Clarks Fork Yellowstone River near Belfry, Montana
(1,154 square miles)

5 Powder River at Sussex, Wyoming (3,090 square miles)

6 Powder River at Moorhead, Montana
(8,088 square miles)

7 Clear Creek below Rock Creek near Buffalo, Wyoming
(322 square miles)

8 Squirrel Creek near Decker, Montana (33.6 square miles)

9 Hanging Woman Creek near Birney, Montana
(470 square miles)

10 Otter Creek at Ashland, Montana (707 square miles)

11 East Fork Armells Creek near Colstrip, Montana
(97.3 square miles)

12 Little Powder River below Corral Creek near Weston,
Wyoming (204 square miles)

13 Belle Fourche River above Dry Creek near Piney,
Wyoming (594 square miles)

14 Caballo Creek at mouth near Piney, Wyoming
{260 square miles)

15 Little Thunder Creek near Hampshire, Wyoming

(234 square miles)

FIGURE 39.—Maximum, median, and minimum dissolved-solids con-
centrations at selected surface-water-quality sites in the Powder
River, Bighorn Basin, and Wind River regions.

a few milligrams per liter to more than 100,000 milli-
grams per liter. Annual sediment yields from basins in
these regions range from less than 10 to more than 1,000
tons per square mile. Equations are available for esti-
mating sediment yields from small ungaged watersheds
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models to depict maximum drawdown of shallow
ground water as a result of mine dewatering. Ferreira
(1984) modeled the cumulative effects of mining and
agriculture on concentrations of dissolved solids in
Rosebud Creek; the simulations indicate that irrigation
accounts for a larger cumulative percentage of
dissolved-solids concentration than present (1985) min-
ing, but that planned, full-scale mining would account
for a larger percentage than irrigation.

The objectives of several studies done in southeastern
Montana and northeastern Wyoming were to describe
or simulate various hydrologic processes. The general
purpose of such studies, usually done at one or a few
sites, is to use the knowledge gained in studies at other
locations that have similar characteristics but that lack
data. The studies are discussed in the following
paragraphs.

Three studies of hydrologic processes were concerned
with discharge. A procedure using storage analysis of
discharge records to assess the long-term water supply
of an ephemeral stream was developed by Glover (1984);
the method overcomes deficiencies of previous methods
developed for perennial streams by accounting for zero-
flow periods and the large day-to-day variability of dis-
charge of ephemeral streams. Cary (1984) tested the
U.S. Geological Survey’s Precipitation-Runoff Model-
ing System (PRMS) to develop, calibrate, and verify a
watershed model for use in simulating hydrologic proc-
esses in small basins. Rankl (1982) developed an em-
pirical infiltration model for estimating runoff from
specified design storms in small basins that have
ephemeral streams; the method uses incipient-ponding
curves based on rainfall-runoff data and information
from soils maps. In a follow-up study that estimated
runoff from rainfall and infiltration, Rankl (1989)
extended his previous work to other small ephemeral-
stream basins that have a variety of soil types, and
verified a physically based equation for defining the in-
filtration parameters.

The problem of predicting the source and quantity of
sediment discharge from small ephemeral-stream basins
was studied by Rankl (1987). Rankl collected rainfall,
discharge, and sediment-concentration data from a very
small basin (0.8 square mile) and used the PRMS to
evaluate the physical processes that affect sediment
production. For a given storm, sediment load and peak
discharge were strongly correlated, a potentially useful
means to evaluate the effects of surface coal mining on
erosion and sedimentation.

The interrelation of discharge and shallow ground
water was the subject of two studies. Rankl and Lowry
(in press) determined that vertical movement of ground
water was restricted and that discharge occurred at out-
crops not necessarily at stream level and in insufficient

quantities to reach perennial streams. Also, data indi-
cate that base flow, present in only a few streams, is
related to local conditions rather than to a regional flow
system. Lenfest (1987) investigated the function of
alluvium in stream channels in recharging bedrock
aquifers; the use of discharge losses between stream-
discharge sites to estimate recharge resulted in under-
estimation, in comparison with an analytic solution of
a ground-water flow equation.

Geochemical processes that control or affect the qual-
ity of ground water in the Fort Union Formation were
investigated by Lee (1980). Water quality was deter-
mined to be related to mineralogy, distance along a
ground-water flow path, ion exchange, and anaerobic
bacteria that reduce sulfate to sulfide. The process of
sulfate reduction in ground water was investigated fur-
ther by Dockins and others (1980).

Water quality and geochemical processes affected by
mining were the subject of three studies. Woods (1981)
developed a computer model for assessing the effects
of various combinations of mining and agricultural
development on potential increases in dissolved-solids
concentrations in streams as a result of leaching of over-
burden materials used to backfill surface coal-mine pits.
In a study of geochemical processes that affect the
quality of water in mine spoils, Davis (1984b) compared
the quality of water in mine spoils with that in undis-
turbed aquifers and developed a method of predicting
future water quality in mine spoils and the effects of
mine spoils on the hydrologic system. The geochemical
processes in reclaimed mines in Wyoming is being
studied by Naftz (1985) to determine the differences be-
tween the quality of water in undisturbed aquifers and
that in spoil aquifers.

HYDROLOGIC ISSUES RELATED TO COAL MINING

At the beginning of the coal-hydrology program it
was recognized that one issue was a general lack of
knowledge about the hydrology of small ephemeral-
stream basins. The most significant issue of all, how-
ever, was that no large, inexpensive supplies of water
were readily available even though the Powder River
region has abundant coal. That fact was the rationale
for using air cooling, rather than less expensive water
cooling, at the Wyodak steam-electric plant in Camp-
bell County, Wyoming—the world’s largest (1983) plant
of that kind. In another example, a plan to use ground
water (20,000 acre-feet per year) for a coal-slurry pipeline
from northeastern Wyoming to Arkansas was aban-
doned, partly because of opposition to transporting
water out of the area.

The scale of present (1985) and planned mining in the
Powder River region is large; therefore, some regional
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consequences of mining can be expected. The largest
regional effect on water resources probably will be
caused by the increases in population and land use,
rather than by mining activities. Increased use of
ground water in the population centers may cause over-
withdrawals. Generally, however, regional effects of coal
development on quantity of ground-water flow are
unlikely.

Erosion, sediment deposition, water-level declines,
and water-quality degradation are potential local
issues associated with mining. Erosion and sediment
deposition, potential issues in any watershed affected
by mining, generally are controlled at all active mine
sites as required by State and Federal surface-mining
regulations. Erosion is controlled by proper grading
and revegetation of areas affected by mining, and
sediment runoff is controlled through the use of set-
tling ponds. However, channel scour can occur down-
stream from settling ponds if the discharged water
has suspended-sediment concentrations that are sub-
stantially smaller than the natural, or premining,
concentrations.

Mine pits that intersect the water table will lower
water levels near the mine and have the potential to af-
fect nearby wells and springs. Water-level declines have
been measured near surface mines in Montana and
Wyoming; however, such effects generally are limited to
areas within 1 or 2 miles of the mine. Lowering of the
water table near the Wyodak Mine in Campbell Coun-
ty, Wyoming, which began operations during the 1920’s,
had not extended westward more than 1,500 feet by
1979. Where surface mining begins at the edge of the
coal mine and extends some distance beyond the point
where the water table is intercepted, the water levels in
adjoining aquifers may be lowered.

Although infiltration, runoff, and aquifer properties
can be engineered in a variety of ways, the most likely
effect of reclamation will be to insert into the existing
hydrologic system a unit having completely different
hydrologic properties. The changes could be either
beneficial or detrimental; for example, flooding may be
decreased downstream from reclaimed areas that have
increased capacity for infiltration, but useful low-to-
average flows also may be decreased. If recharge is
increased, however, low flows could be increased by an
increase in ground-water discharge to the stream.

Possibly the most important long-term issue associ-
ated with surface mining is the potential for degrada-
tion of water quality because of the leaching of soluble
materials from mine spoils. Chemical analyses of spoil-
derived water from mine areas in Montana have indi-
cated that the dissolved-solids concentrations of water
in spoils statistically are greater than those in undis-
turbed aquifers near the mines. Acid mine drainage is
not an issue in these regions, however, because of the
abundance of carbonate minerals and the large buffer-
ing capacity of the natural waters.

The hydrologic effects of underground mines were not
studied as part of the coal-hydrology program in these
regions because large-scale underground mining is not
planned. In an analysis of the effects of past under-
ground mining in the Sheridan, Wyoming, area, Dunrud
and Osterwald (1980, p. 41) described environmental
issues such as subsidence, diversion or pollution of sur-
face or ground water, and a variety of adverse effects
of underground mine fires. They stated (p. 43-44) that
such issues are much easier to assess and control in sur-
face mining. On the positive side, water supplies have
been developed from wells bored into flooded mine work-
ings (Lowry, Wilson, and others, 1986, p. 8).
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Jackson County, Colorado, has coal deposits in the Coal-
mont Formation. Three coal beds of economic impor-
tance, ranging in thickness from 3 to 80 feet, occur in
this formation.

Coal in the regions is of moderate heating value and
has comparatively large moisture content but has small
concentrations of sulfur. The coal ranges from sub-
bituminous to high volatile B and C bituminous (fig. 4).
The strippable coal reserves in the regions have been
estimated to be about 10.5 billion tons.

Total coal production from the 14 coal fields in the
Green River and Hanis Fork regions is reported to be
more than 660 million tons. Most of this production was
low-sulfur subbituminous coal and was from surface and
underground mines. During 1983 in coal area 52, there
were 7 active surface mines and no active underground
mines; underground mining ceased during 1982. Dur-
ing 1980 in coal areas 53 and 54, there were 10 active
surface mines and 8 active underground mines, but by
1983 there were only 5 active surface mines and no ac-
tive underground mines.

HYDROLOGY

Two general objectives for the coal-hydrology pro-
grani in the regions were: (1) To increase knowledge
about the availability of water; and (2) to provide infor-
mation for assessing the effects of coal development on
water resources on a regional basis and on a site-specific
basis. :

At present (1985), all the coal mined in the Green
River and Hams Fork regions is from surface mines.
Potential issues using this method of mining are related
to the changes in the quantity and quality of surface
runoff caused by changes in soil infiltration rates and
vegetative cover. After surface mining ceases, reveg-
etation is difficult in arid-to-semiarid areas. Also,
changes to the natural landscape will affect the hydrol-
ogy of an area in some way. The extent of that effect
will vary from site to site depending on the following
factors:

. Mining and reclamation methods;
2. Slope of land being mined;
3. Types of soil and rock;
4. Quantity of precipitation;
5. Quality of ground water and surface water; and
6. Rate of water movement.

As part of the coal-hydrology program, the hydrologic-
data-collection network was expanded or otherwise
enhanced, and interpretive hydrologic studies were
undertaken. This twofold approach was to indicate
existing and potential issues discussed above and to
evaluate data requirements to address the factors af-
fecting potential hydrologic effects from coal mining.

-

SURFACE-WATER NETWORK

Surface-water and water-quality data are available for
951 sites, of which 195 sites are presently active (1981
for coal area 54; 1982 for coal areas 52 and 53). The
earliest records for measured discharge were for the
Laramie River during 1890 at Woods Landing in
Laramie County near the Colorado-Wyoming State line
and for the Green River during 1891 at Green River,
Wyoming. The Laramie River measurement probably
was related to water rights for irrigated cropland
(Lowhani and others, 1985).

The historical surface-water network includes 391
continuous-record streani-discharge sites, 57 water-
quality sites, 130 sites where discharge and water-
quality data were collected, 57 peak-discharge (crest-
stage) sites, and 316 miscellaneous sites where one or
more discharge measurements or water-quality saniples
were made as part of interpretive studies. The number
of sites added since the coal-hydrology prograni began
during 1974 are 119 continuous-record streani-discharge
sites and 185 water-quality sites.

Water-quality data collected at the sites include
dissolved-solids concentrations, specific conductance,
alkalinity, pH, and concentrations of sulfate and
selected dissolved trace elements. Collection intervals
varied from only one sample at some miscellaneous sites
to monthly or daily samples at some water-quality sites.
Generally, the ephemeral streanis in the arid and semi-
arid basins of the regions where coal mines usually are
located do not have long periods of record.

Suspended-sediment data are available for 161 sites
in the Green River and Hamis Fork regions, of which
83 presently are active (1981 for coal area 54; 1982 for
coal areas 52 and 53). The longest period of record and
earliest record of a suspended-sediment measurement
are from a site located on the Green River near the town
of Green River, Wyoming, that has records from 1951
to the present (1985). Many of the sites have only 1 year
of record. The frequency of collection varies; most sites
have weekly, monthly, or quarterly records. Some sites
have daily records where saniples are obtaimed either
by using automatic pumping saniplers or by having a
local observer collect the saniples.

SURFACE-WATER CHARACTERISTICS

Most of the discharge in the regions occurs in streams
draining mountainous areas and originates from snow-
melt. Most of the annual discharge occurs during spring
and early summer. The exact time of the snowmelt
varies within the regions and is controlled by temper-
ature, altitude, slope, aspect (the direction the slope is
facing—if the slope is facing north, the melting will be
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the slowest), and vegetative cover. At the White River
downstream from Meeker, Colorado, 60 percent of the
discharge occurs during May, June, and July, whereas
at the Yampa River near Maybell, northwestern Colo-
rado, 70 percent of the annual discharge occurs during
April, May, and June. During late summer, fall, and
winter, flows primarily are the result of ground-water
inflows. Minimum discharges occur from January
through March.

Intermittent and ephemeral streams that originate
in and drain the arid to semiarid basins have extended
periods of no flow. Because flow for these streams is
supplied by summer rainstorms, ground-water dis-
charge, and springs, there is not enough water to sus-
tain flow throughout the year (fig. 42).

Estimates of average annual discharge and high flows
at selected frequencies can be made at ungaged streams
using relations developed at gaged streams. Average
annual discharge can be estimated at ungaged streams
using predictive equations developed for Colorado (Liv-
ingston, 1970) and Wyoming (Lowham, 1976). High-flow
and floodflow frequencies and magnitude can be
estimated using equations developed for Colorado,
Wyoming, Utah, and Idaho for the respective areas in
the regions. Floodflows usually are caused by summer
rainstorms or rain occurring on snow in the spring.
Flows in the small ephemeral streams, where the coal
generally <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>