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Ground-Water Resources and Potential Hydrologic
Effects of Surface Coal Mining in the Northern
Powder River Basin, Southeastern Montana

By Steven E. Slagle, Barney D. Lewis, and Roger W. Lee

ABSTRACT

The shallow ground-water system in the northern
Powder River Basin consists of Upper Cretaceous to Hol-
ocene aquifers overlying the Bearpaw Shale—namely,
the Fox Hills Sandstone, Hell Creek, Fort Union, and
Wasatch Formations, terrace deposits, and alluvium
Ground-water flow above the Bearpaw Shale can be di-
vided into two general flow patterns An upper flow pat-
tern occurs in aquifers at depths of less than about 200
feet and occurs primarily as localized flow controlled by
the surface topography A lower flow pattern occurs in
aquifers at depths from about 200 to 1,200 feet and
exhibits a more regional flow, which 1s generally north-
ward toward the Yellowstone River with significant flow
toward the Powder and Tongue Rivers

The chemical quality of water in the shallow
ground-water system in the study area varies widely, and
most of the ground water does not meet standards for
dissolved constituents in public drinking water estab-
lished by the US Environmental Protection Agency
Water from depths less than 200 feet generally 1s a sodi-
um sulfate type having an average dissolved-sohds con-
centration of 2,100 milligrams per hter Sodium bicarbo-
nate water having an average dissolved-solids concentra-
tion of 1,400 milligrams per liter 1s typical from aquifers
in the shallow ground-water system at depths between
200 and 1,200 feet.

Effects of surface coal mining on the water re-
sources in the northern Powder River Basin are depen-
dent on the stratigraphic location of the mine cut Where
the cut lies above the water-yielding zone, the effects
will be mimimal Where the mine cut intersects a water-
yielding zone, effects on water levels and flow patterns
can be significant locally, but water levels and flow pat-
terns will return to approximate premining conditions
after mining ceases Ground water in and near active and
former mines may become more mineralized, owing to
the placement of spoil material from the reducing zone
in the unsaturated zone where the minerals are subject
to oxidation Regional effects probably will be small be-
cause of the limited areal extent of ground-water flow
systems where mining is feasible

Results of digital models are presented to illustrate
the effects of varying hydraulic properties on water-level
changes resulting from mine dewatering The model

simulations were designed to depict maximum-draw-
down situations One simulation indicates that after 20
years of continuous dewatering of an infinite, homogen-
eous, I1sotropic aquifer that is 10 feet thick and has an
inthal potentiometric surface 10 feet above the top of
the aquifer, water-level declines greater than 1 foot
would generally be hmited to within 7 5 miles of the cen-
ter of the mine excavation, declines greater than 2 feet
to within about 6 miles, declines greater than 5 feet to
within about 3 7 miles, declines greater than 10 feet to
within about 17 miles, and declines greater than 15 feet
to within 1 2 miles

INTRODUCTION

Vast supplies of low-sulfur coal occur as numerous
and widespread lignite and subbituminous deposits in the
northern Powder River Basin of southeastern Montana
Individual coal beds that occur prnincipally within the Fort
Union Formation commonly are 20-30 feet thick, but may
be as much as 80 feet thick Thus, the area 1s attractive
as a major source of supply for future energy needs

The increase of coal development in the past few
years has fostered concern about 1ts effects on the water
resources The coal beds and discontinuous sandstone con-
tained 1n the Fort Union Formation are important as aqui-
fers, supplying water to numerous domestic and stock
wells and springs Surface miming of certain coal beds
not only will remove part of the aquifer, but also may
cause temporary dewatering of parts of the coal and over-
lying beds and may change the quality of the ground water
in the vicimty of the mine site

Purpose and Scope

In anticipation of widespread development of the
coal resources 1n the northern Powder River Basin, the
U S Geological Survey, 1n cooperation with the Montana
Bureau of Mines and Geology and the U S Bureau of
Land Management, 1n July 1974 began an investigation
of the water resources and the possible hydrologic effects
of development To assess the effects of development,
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the existing, essentially premining, hydrologic conditions
needed to be documented

The first objective of the investigation was to pro-
vide baseline data for determining the effects of future
coal development on the water resources of the basin
To meet this objective, an extensive data-collection pro-
gram was begun Data collected and compiled for about
2,000 wells 1n the area included well depth, water levels,
well discharge, water use, lithologic logs, and water qual-
ity The results of the data-collection phase of the project
are given 1n reports by Slagle and Stimson (1979) for
well data and by Lee (1979) for water-quality data

The purpose of this report 1s to describe the existing
hydrologic conditions of the shallow ground-water system
above the Bearpaw Shale, and to assess the potential ef-
fects of future mining operations on the shallow ground-
water system Because of the large extent of the study
area and the scarcity of hydrologic data, especially for
aquifers at great depths, geologic concepts have been used
to extend ground-water data in space Surface geology
was reviewed and, where necessary, remapped Subsur-
face geology was mapped by examination of about 650
geophysical logs of o1l and gas wells and test holes Verti-
cally, this study considers all geologic units above the
Bearpaw Shale and includes all coal reserves that could
be mined by surface methods Results of the geologic in-
vestigations of aquifers are published 1n reports by Lewis
and Roberts (1978) and Lewis and Hotchkiss (1981) Re-
sults of water-quality studies of the shallow aquifers, n-
cluding description of the geochemical systems and
geochemical and brological processes, are contained 1n re-
ports of Lee (1981) and Dockins and others (1980)

Knapton and McKinley (1977), Knapton and Fer-
reira (1980), and Ferreira (1981) descnibe the surface-
water resources of the area Information on surface water-
ground water interaction 1s contained 1n reports by Druse
and others (1981) and Lee and others (1981) Additional
data on surface-water quantity and quality are published
mm US Geological Survey Water-Supply Papers and 1n
an annual series, Water Resources Data for Montana

Location and Extent of Area

The area of study for this report comprises about

10,000 mi? 1n southeastern Montana The study area 1s,
i general, bounded on the north by the Yellowstone

River, on the east by the Powder and Little Powder Riv-
ers, on the south by the Montana-Wyoming State lne,
and on the west by the Bighorn and Little Bighorn Rivers
(fig 1) These borders encompass the Montana part of
the Powder River Basin

Physiography

The land surface in the study area typically 1s rol-
ling uplands dissected by steep-walled valleys Resistant

2 Effects of Coal Mining in the Powder River Basin, Montana

sandstone or clinker caps rugged ndges, mesas, or buttes
1n many areas Locally, badlands have developed 1n easily
eroded shales Major streams 1n the area flow on alluvial
flood plans that typically are bordered by remnants of
alluvial terraces and steep valley walls

Alutudes range from about 4,800 feet in the Wolf
Mountains and Little Wolf Mountains 1n the southwestern
and western parts of the area to about 2,200 feet where
the Powder River joins the Yellowstone River near Terry,
Montana Local rehef from hilltops to adjacent valley
floors commonly 1s 100 to 500 feet

Climate

The semanid chimate of southeastern Montana 1s
charactenized by cold dry winters, cool moust springs, and
hot dry summers Winter cold waves often are broken
by extended intervals of warm weather Summers are
dominated by hot sunny days and cool mghts Average
annual temperatures, based on the period of record 1941-
70, range from 44 7°F at Broadus, Montana, to 45 9°F
at Colstrip according to National Weather Service records
(U S Department of Commerce, 1ssued monthly) January
normally 1s the coldest month Average January tempera-
tures range from 15 4°F at Miles City to 21 O°F at Col-
stip The warmest temperatures generally occur in July
July average temperatures range from 71 2°F at Broadus
to 74 4°F at Miles City Several days of maximum tem-
peratures 1n excess of 100°F are not uncommon

National Weather Service records for 1941-70 show
that average annual precipitation ranges from 13 93 inches
at Miles City to 16 23 inches at Lame Deer Most precipi-
tation occurs during late spring and early summer

Industry

Other than farming, ranching, and related services,
coal mining and coal-fired electric power generation are
the major ndustries in the northern Powder River Basin
of Montana Some o1l and gas also are produced in the
arca

About 30 million tons of coal per year were produc-
ed commercially 1n 1980 from five mines within the study
area (Wilhlam R Cox, Montana Department of Labor,
written commun , 1981) Producing mines in the Montana
part of the Powder River Basin 1n 1981 are (1) Coal Creek
Mine, near Ashland, (2) West Decker Mine, near Decker,
(3) Rosebud Mine, near Colstrip, (4) Big Sky Mine, near
Colstrip, and (5) Absaloka Mine, about 25 miles west
of Colstnp Two mines, Ash Creek and Big Horn, are
producing commercial quantities of coal in Wyoming
about 10 miles southwest of Decker Applications have
been submitted to the Montana Department of State Lands
for two additional mines near Decker and Colstrip Sev-
eral other mines have been proposed for the study area,
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Figure 1. Location of study area.

including one near Decker and one between Birney and
Ashland. Several extensions of existing mines also are
proposed. Two electric power-generating units are online

and application for approval has been filed with the State
for two more.

Previous Investigations

Most geologic studies in the area during the past
70 years have been conducted principally for the purpose

of coal-bed definition, correlation, and determination of
reserves. Most studies have focused on individual coal
fields. However, a few geologic studies were regional in
scope, such as those of Calvert and others (1912), Combo
and others (1949), Matson and Blumer (1973), Culbertson
and others (1979), and Law and others (1979).

Regional ground-water studies have been conducted
by Perry (1931, 1935) and Swenson (1953). Several
ground-water studies in smaller areas have been conducted
from 1929 to the present (1981). Ground-water effects
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related to present coal mining have been studied by Van
Voast (1974), Van Voast and Hedges (1974, 1975), and
Van Voast and others (1977, 1978)
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GEOLOGY
Stratigraphy

Sedimentary geologic units ranging 1n age from Late
Cretaceous to Holocene compose the shallow ground-
water system 1n the northern Powder River Basin (pl 1)
The geologic units consist of marine deposits of the Upper
Cretaceous Fox Hills Sandstone and continental deposits
of the Upper Cretaceous to Holocene Hell Creek Forma-
tion, Fort Umon Formation, Wasatch Formation, terrace
deposits, and alluvium (table 1)

The Upper Cretaceous Bearpaw Shale grades from
massive dark shaly claystone and shale 1n the eastern part
of the study area to a sequence of silty sandstone, silt-
stone, and thin interbeds of shale in the western part
This umit 1s laterally persistent and has a thickness that
generally ranges from 600 to 800 feet, except in areas
of outcrop where 1t has been thinned by erosion

The Upper Cretaceous Fox Hills Sandstone 1s recog-
mzed 1n the subsurface, where 1t 1s present, by the use
of geophysical logs These logs also indicate that the for-
mation 1 most of the basin 1s separable into upper and
lower predominantly sandstone units with an intermediate
thin shale bed as noted by Gill and Cobban (1973)

The Upper Cretaceous Hell Creek Formation con-
sists of interbedded shale, siltstone, and channel sandstone
n the lower part to a locally massive shale with lenticular
sandstone and interbedded claystone, thin coal beds, and
silty sandstone 1n the upper part In most of the study
area, the formation can be separated in the subsurface
into an upper and a lower umt

The Paleocene Fort Union Formation 1s composed
of the Tullock, Lebo Shale, and Tongue River Members

4 Effects of Coal Mining in the Powder River Basin, Montana

in ascending order Interbedded shale, siltstone, sand-
stone, and thin coal beds of the Tullock Member grade
upward nto silty or sandy shale and locally sandstone
The Lebo Shale Member 1s composed of predominantly
dark shale with interbedded carbonaceous shale, siltstone,
and locally thin coal beds The Tongue River Member
1s alternating sandstone, siltstone, carbonaceous shale, and
thick and extensive coal beds

The Eocene Wasatch Formation consists of lenticu-
lar sandstone interbedded with shale and coal, and 1s re-
stricted to the southwestern part of the study area Coal
beds 1n this umt are as thick and laterally persistent as
in the underlying Tongue River Member of the Fort Union
Formation

Clinker zones crop out along burned coal honizons
throughout the Tertiary section Clinker deposits are com-
posed of the residue from burned coal beds, and baked
and fused overlying layers

Pleistocene terrace deposits and Pleistocene to Holo-
cene alluvium are the youngest geologic umts 1n the north-
ern Powder River Basin Terrace deposits are composed
of interbedded gravel, sand, silt, and clay Terraces are
confined mainly to valley sides and uplands along the Yel-
lowstone River, with scattered deposits along the Tongue
and Powder Rivers (pl 1) The alluvium 1s thickest along
these same rivers and their major tnbutaries (Lewis and
Roberts, 1978) and 1s composed of interbedded clay, silt,
sand, and gravel

Structure

Many prominent structural features occur in and
near the northern Powder River Basin study area (fig 2)
The Miles City arch, located in the northeastern part of
the study area, 1s the major positive structural feature
Other positive features, outside of but contiguous to the
area, are the Black Hills uphft, Porcupine dome, and
Bighorn uphift Negative structural features totally or
partly within the study area are the Powder River Basin,
Williston Basin, Ashland syncline, and Tongue River
synchine

Structural features associated with the study area are
indicated by a map showing the configuration of the top
of the Bearpaw Shale (fig 3) The map indicates that
the Bighorn uplhft (fig 2) had a greater deformational
influence on the northern Powder River Basin than any
of the other surrounding positive features, as the dip on
the surface of the Bearpaw Shale 1s greatest on the west-
emn flank of the basin The configuration of the top of
the Bearpaw shows that the trough of the Tongue River
syncline 1s actually the axial trace of the asymmetrical
northern Powder River Basin

Two major faulted areas are adjacent to the study
area (fig 2) The Vananda fault 1s a northeast-trending
normal fault just north of the area The northwest-trending
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1s composed of a senes of en echelon normal faults, each

Lake Basin fault zone to the west of the study area, which
oriented northeast, bounds the northern extension of the
Bighorn uphift

Faults within the study area generally have small
lateral or vertical displacement, a few feet 1n most 1n-
stances, and most are restricted to geologic umts near sur-
face exposures However, a few deep-seated fracture sys-
tems are indicated by parallel surface traces of faults and
other lineaments (Lewis and Roberts, 1978) A deep-sea-
ted fault 1s 1indicated by the offset of the structure contours
on the top of the Bearpaw Shale 1n the south-central part
of the study area (fig 3)

| Petroleum Geologist (1962)

50 75 KILOMETERS

GROUND-WATER HYDROLOGY

This 1nvestigation involved the determination of the
occurrence and movement of water contained 1n shallow
aquifers 1n the northern Powder River Basin The shallow
aquifers studied are those at depths less than about 5,000
feet below land surface and stratigraphically above the
Bearpaw Shale, maximum depths occur along the structur-
al axis of the Powder River Basin near the southwestern
part of the study area

Hydrologic charactenistics of aquifers were deter-
mined from records of about 2,000 wells Hydraulic prop-
erties were determined primanily from lithologic distnibu-
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Table 1.

Generalized section of geologic units in the shallow ground-water system
[Modified from Lewis and Roberts, 1978]

System

Senes

Geologic unit

Thickness
(feet)

Lithology

Quaternary

Holocene

Pleistocene

Alluvium

0-100

Interfingering lenses of clay, silt, sand, and gravel Coarse well-
rounded gravel interbedded with finer matenal 1s common
along the Yellowstone River, beds are mostly reworked ter-
race deposits Clinker fragments are present in the gravel of
smaller streams Umit includes many low-lying terraces adja-
cent to streams

Terrace
deposits

0-70

Gravel, sand, silt, and clay Well-rounded pebbles and sand-
sized particles of igneous, sedimentary, and metamorphic
rocks are common Deposits are restricted mainly to valley
sides and upland areas along the Yellowstone River, scattered
deposits are 1n other parts of the study area

Tertiary

Eocene

Wasatch
Formation

Browmish-gray to light-gray fine- to coarse-grained lenticular
beds of sandstone and interbedded gray shale and coal Con-
tains a fossiliferous zone of clams and snails Clinker zones
crop out along coal honzons Base of umit 1s the top of the
Roland coal bed, as defined by Baker (1929) Conformable
contact with underlying unit

Paleocene

Fort Union Formation

Tongue
River
Member

0-2500

Light-yellow to light-gray fine- to medium-grained thick-bedded
to massive locally crossbedded and lenticular, calcareous
sandstone and siltstone, weathers to a buff color Commonly
contains light shaly siltstone and shale, and dark carbonaceous
shale Contains numerous thick and extensive coal beds as
much as 80 feet thick Zones of clinker and baked shale beds
crop out along coal horizons Base of umt 1s defined as the
change from predominantly siltstone and sandstone to shale
of underlying unit

Lebo
Shale
Member

0-800

Predominantly dark shale containing interbeds of light-gray and
brown to black carbonaceous shale, siltstone, and locally thin
coal beds Shales contain altered and devitnfied volcanic ash
and brown ferruginous concretions A change from shale to
predominantly fine-grained sandstone and shale marks the
base of the umt, but locally channel deposits are scoured well
into the underlying Tullock Member

Tullock
Member

0-800

Light-gray carbonaceous sandy to silty shale, and locally sand-
stone Grades downward to interbedded medium-gray to hght-
gray shale, fine-grained light-gray sandstone and siltstone, and
thin but persistent coal beds Base of umt 1s marked as a
change from fine-grained thin-bedded sandstone, siltstone,
shale, and coal beds to locally massive channel sandstone and
dark-gray shale of the underlying umt (Brown, 1952, Dunlap,
1958)

6 Effects of Coal Mining in the Powder River Basin, Montana




Table 1.

Generalized section of geologic units in the shallow ground-water system—Continued

[Modified from Lewis and Roberts, 1978]

Lithology

Interbedded gray to brown siltstone and shale, locally lenticular
fine- to medium-grained sandstone and often massive shale,
and interbedded claystone, thin coal beds, silty sandstone and
bentonitic shale 1n the upper part, grades downward into inter-
bedded carbonaceous shale, sandy shale, siltstone, and clays-
tone with local deposits of gray to brown silty to clayey com-
monly crossbedded channel sandstone Lower contact is gra-
dational to unconformable with the underlying umt

Near-shore sand facies that 1s the last marine deposit 1n the area
Two members of the unit are recognized Colgate Member—
very hght gray fine- to medium-grained massive sandstone,
unnamed lower member—gray to brownish-gray fine-grained
thin-bedded sandstone, with interbedded sandy shale and silt-
stone Lower contact 1s gradational

System Series Geologic unit Thickness

(feet)

Hell Creek
Formation 0-850
Upper 0-350

Cretaceous Cretaceous Fox Hills

Sandstone
Bearpaw 0-800

Shale

Gray to black marine commonly massive shaly claystone and
shale 1n the eastern part of the area, grades westward into
thin-bedded silty sandstone and siltstone and locally thin beds
of bentonmtic shale Top of unit 1s the base of the shallow
ground-water system

tion 1n conjunction with hydraulic-conductivity values de-
termined from aquifer tests

Water-Yielding Characteristics
Bearpaw Confining Layer

The Bearpaw Shale 1s considered 1n this study to
comprise the lower boundary of the shallow ground-water
system, because the thick shale sequence functions as a
barrier to the vertical movement of water However, the
Bearpaw Shale contains a few thin sandstone stringers
that, where saturated, yield small quantities of water to
wells These sandstone stringers generally are tapped by
wells only 1n areas where the shale crops out and only
where the water 1n these stringers comprises the first
available water below land surface Where younger forma-
tions overlie the Bearpaw, dnlling normally 1s terminated
at or above the top of the formation and the shale 1s not
explored for additional quantities of water

Fox Hills-Lower Hell Creek Aquifer

The Fox Hills Sandstone, combined with approxi-
mately the lower one-half of the Hell Creek Formation,
constitutes the most probable source of large quantities
of good quality water from the shallow bedrock aquifers
i the basin The two umts are considered as a single
aquifer because of the simlanty of lithology and direct
hydraulic connection Yields from inventonied wells com-
pleted n this aquifer range from 0 5 to 20 gal/min and
commonly are about 5 gal/min Yields of as much as 200
gal/min to industrial wells have been reported Although
the water generally contains smaller concentrations of dis-
solved minerals than contained in younger umts 1n the
area, the aquifer generally occurs at depths greater than
can be economically tapped for stock or domestic
supplies, provided shallower water supplies are present
Because of the relatively large yields potentially available
from the Fox Hills-lower Hell Creek aquifer, 1t 1s consi-
dered by industry and municipalities to be a good source
for possible water supplies

Ground-Water Hydrology
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Upper Hell Creek Confining Layer

The upper part of the Hell Creek Formation, being
primarily composed of claystone, siltstone, and shale,
generally 1s not considered as an aquifer Wells completed
in lenticular sandstone or silty sandstone yield as much
as 4 gal/mm Most wells 1in the upper Hell Creek are
located 1n or near outcrop areas

Tullock Aquifer

Although a rehiable source of water, the Tullock
Member of the Fort Union Formation 1s not used exten-
sively for water supplies at the present time (1981) The
aquifer generally 1s not tapped because 1t commonly oc-
curs at considerable depth, and sufficient supplies are
available from shallower aquifers in most of the area

Because of the interbedding and intertonguing of the
material that composes the aquifer, yields at a particular
location are difficult to predict Yields to wells completed
in the Tullock Member range from about 0 3 to 40 gal/
min and generally are about 15 gal/min

Lebo Confining Layer

The Lebo Shale Member of the Fort Union Forma-
tion 1s composed primanly of shale and generally 1s not
considered to be an aquifer However, many wells in the
study area are completed in the Lebo—prnimanly 1n and
near the areas of outcrop These wells generally are com-
pleted 1n 1solated siltstone and sandstone stringers or in
channel sandstone and generally are completed 1n the first
available water below the surface Yields from wells com-
pleted 1n the Lebo are as much as 35 gal/min, but are
more commonly about 7 gal/min Because the Lebo lies
at depth in most of the study area and shallower water
supplies are available, the Lebo 1s not frequently explored
as a source of water

Tongue River-Wasatch Aquifer

The Tongue River Member of the Fort Union For-
mation 1s the major source of water withdrawn from wells
in the northern Powder River Basin The Tongue River
Member 1s used primanly because 1t 1s a reliable source
of water, 1t directly underlies most of the area, and it
commonly 1s the shallowest and most easily accessible
aquifer

Most ground-water supplies are obtained from sand-
stone and fractured coal beds 1n the Tongue River Mem-
ber Because of the heterogeneity of the member, depth
to water-producing matenial and probable yields are diffi-
cult to predict

The Wasatch Formation and the Tongue River
Member are considered 1n this report as a single aquifer
because of their similar lithology and the hmited extent
of the Wasatch The Wasatch caps topographically high
areas and commonly 1s not saturated Yields from 515
inventoried wells range from about 0 2 to 150 gal/mn,
and average about 8 gal/min

Clinker

Clinker, which generally 1s greatly fractured, 1s an
excellent medium for production of large quantities of
water However, 1t generally 1s not saturated owing to
1ts occurrence 1n topographically high areas and 1its ability
to readily drain as a result of large hydrauhic conductivity
caused by fracturing Clinker 1s described as a separate
unit because of 1its umque hydrauhc character and because
1t 1s not necessarily associated with a particular member
or formation, 1n the study area 1t may occur throughout
the Tertiary section where adjacent coal has burned in
the subsurface

Alluvium

Where saturated, sand and gravel of alluvium and
terrace deposits produce large quantities of water 1n the
northern Powder River Basin Occurrence at shallow
depth also makes these deposits one of the most economi-
cal and easily obtainable sources of water Alluvium along
streams generally 1s saturated, but terrace deposits com-
monly occur above the saturated zone Alluvium com-
posed of coarse gravel may yield several hundred gallons
per minute to properly constructed wells in local areas
along the larger perenmal streams Yields of as much as
900 gal/min have been reported from wells completed 1n
the alluvium of the Powder River south of Broadus
Yields from alluvium along smaller streams are commonly
30 gal/min or less

Aquifer Properties

The hydraulic conductivity of coal aquifers 1s due
largely to secondary permeability resulting from fractur-
mng Thus, varniations in hydraulic conductivity generally
reflect the degree of fracturing 1n the vicinity of the well

Aquifer tests conducted 1n the study area indicated
a range 1 hydraulic-conductivity values of 0 34 to 6 5
ft/d for coal aquifers and a single value of 2 5 fvd for
the Hell Creek Formation (table 2) The hydraulic-conduc-
tivity values were determined from single-well aquifer
tests using the Jacob nonequilibrium method (Ferris and
others, 1962, p 98-100) for drawdown analysis and the
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Theis method (Jacob, 1963, p 283-284) for recovery
analysis

Single-well aquifer tests provide only estimates of
the hydraulic conductivity, owing to the heterogeneous
and anisotropic properties of coal aquifers Stoner (1981)
found that single-well drawdown tests 1n anisotropic coal
aquifers can result in hydraulic-conductivity values smal-
ler than actual average values and smaller than values ob-
tained from multiwell aquifer tests The smaller values
may be a result of the effects of aquifer dewatering, well
entrance losses, or casing storage Results of single-well
recovery tests compared more favorably with values ob-
tained from the multi-well tests

Ground-Water Movement

Alternating aquifers and confining zones coupled
with complex intertonguing and interfingering within most
units result in complicated patterns of ground-water flow
Water-quality distribution within the study area indicates
that two general flow patterns are present above the Bear-
paw Shale An upper flow pattern occurs in aquifers at
depths of less than about 200 feet and consists of localized
flow that 1s controlled by topography A lower flow pat-
tern, which 1s charactenzed by regional flow generally
northward toward the Yellowstone River and significant
flow toward the Powder and Tongue Rivers, 1s present
i aquifers at depths of more than about 200 feet The
approximate altitude of the water surface in wells less
than 200 feet deep 1s depicted on plate 2 The map, con-
structed from water levels 1n wells completed in numerous
sandstone lenses and coal beds having many different
potentiometric surfaces, approximates a single poten-
tiometric surface that represents composite hydraulic
heads

Water enters the shallow ground-water system by
surface nfiltration, flows downslope, and discharges to
streams and nivers In recharge areas, which generally
coincide with the topographically higher areas, the altitude
of the potentiometric surface decreases with depth, sig-
nifying a downward component of ground-water flow
Frequently, water moving downward 1s retarded or inter-
cepted by relatively impermeable matenal, causing water
to move laterally and discharge as contact springs at the
land surface

Discharge areas are characterized by an upward
component of flow where the altitude of the potentiomet-
rc surface increases with depth Water moves upward
through the aquifers and confining zones to land surface
where 1t discharges as base flow to streams, evaporates,
or 1s transpired by plants Discharge areas for the aquifers
at depths less than 200 feet 1n the northern Powder River
Basin primanly coincide with the valleys of perennial and
intermittent streams Discharge areas for the deeper aqui-
fers generally coincide with the major drainages
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Vertical movement between the aquifers 1s known
to exist, but the rate of exchange i1s unknown The rate
of vertical movement 1s dependent primarily on the verti-
cal hydraulic conductivity, the thickness of the confining

zone, and the hydraulic-head differential between the
aquifers Owing to the complex intertonguing of the

geologic umts 1n the northern Powder River Basin, espe-
cially the Tertiary deposits, the thickness and distribution
of confining zones are difficult and impractical to define
over large areas

Investigators 1n the ligmte area of North Dakota,
where the geology 1s similar, have determined that vertical
hydraulic conductivity of the confining zones ranges from
about 10 to 10~ ft/d and hydraulic gradients across the
confining zones range from about 01 to 1 (Moran,
Cherry, Fntz, Peterson, Sommerville, Stancel, and
Ulmer, 1978) Although these small values would indicate
minimal exchange of water between aquifers, the cumula-
tive effect over areas as large as the northern Powder
River Basin could be considerable For example, using
the above values, leakage through a 1-square-foot area
of a confining zone would range from 107 to 1073 ft/d
Cumulative leakage over the entire study area would range
from about 2,000 to 2,000,000 acre-feet per year

Recharge

The principal sources of recharge to the shallow
ground-water system are infiltration of precipitation and
seepage from streams and rivers Additional recharge 1s
supplied by deep percolation of apphed wmgation water
and subsurface ground-water inflow from adjacent areas

Precipitation

The primary source of recharge to the shallow
ground-water system 1s infiltration of rainfall and snow-
melt on the outcrops Water that falls on the land surface
as rain or snow either runs off, evaporates, 1s transpired
by plants, 1s retained to supply deficiencies 1n soil mois-
ture, or percolates to the saturated zone Water that perco-
lates below the zone of evapotranspiration becomes re-
charge to the shallow ground-water system Miller (1979)
estimates that recharge from surface infiltration of rainfall
and snowmelt 1s about 1 percent of the average annual
precipitation, or about 80,000 acre-feet per year

Irrigation

A part of the recharge 1s denved from deep percola-
tion of applied irngation water and from ditch losses not
evaporated or consumed by plants This recharge 1s
primarily confined to the alluvium, as most irngated land
1s 1n the stream valleys

The quantity of recharge from imgation cannot be
estimated, because documentation 1s not available for the



Table 2.

Summary of aquifer tests

Thick- Length Dis- Transmissivity Hydrauhc
nessof of charge (feet squared conductivity
Depth Geo- tested test (gallons per day) (feet per day)
Location of well logic Lith- interval (min-  per Draw- Re- Draw- Re-
of well (feet) unit ology (feet) utes) munute) down covery down covery

NWVs SEV4 SEVa 400 Hell Creek Sandstone 90 420 12 223 -- 25 --
sec 18, T IN,R 54 E Formation
NWVYs NEV4 SEV4 SEV4 183 Anderson coal Coal 31 180 44 157 157 51 51
sec 32, T 8S,R 4 E bed of Tongue

River Member'
NWYa NWVa NWVa NWla 67 Anderson coal Coal 10 300 20 13 -- 13 --
sec 34, T 8S,R 45E bed of Tongue

River Member'
NWYa SWY4a NWYs SWV4 253 Anderson coal Coal 22 155 27 20 -- 91 -
sec 34, T 8S,R 45E bed of Tongue

River Member'
SEV4 SEV4a NWVY4 NW4 262 Anderson coal Coal 28 300 29 30 43 11 15
sec 14, T 9S R 43E bed of Tongue

River Member'
NWVa NWVs SWYs SWVa 94 Anderson coal Coal 32 1,500 30 12 11 38 34
sec 7, T 9S,R 44 E bed of Tongue

River Member'
NWVa NWVs NEVs NEV4 110 Anderson coal Coal 33 360 46 205 215 62 65

sec 8, T 9S,R 44E bed of Tongue

River Member!

'0f Fort Umon Formation

values of many vanables nvolved, such as amount and
distribution of applied water, total acreage imngated, distri-
bution of consumptive use, and amount and distribution
of ditch losses Most recharge resulting from irngation
probably 1s retained only temporarily Water that reaches
the saturated zone raises the water table 1n the alluvium
to above normal levels, which induces lateral flow and
results 1n increased ground-water discharge to the stream
Much of the water recharged as a result of irngation 1s
recirculated to the stream from which 1t was obtained

Streams and Rivers

Intermittent and ephemeral streams serve as a major
source of recharge dunng times of runoff Some recharge
occurs from runoff resulting from summer storms but 1s
limited by the short duration and intensity of the storms
Most recharge from runoff results from spring snowmelt
The longer duration of streamflow during snowmelt pro-
vides greater opportunity for infiltration, except when 1n-
filtration 1s lmited by frozen ground

Perenmial streams serve prnimarily as drains for the
ground-water system However, in some reaches where
the stream level 1s above the water table, the streams sup-
ply water for recharge Considerable recharge occurs from
perenmal streams durning intervals of high streamflow
caused by storm or snowmelt runoff Losses from the pe-
renmal streams during peniods of high flow recharge the
alluvium, thereby raising the water table Most of this
recharged water 15 returned to the stream as base flow
during subsequent low-flow periods

Subsurface Inflow

Subsurface inflow from Wyoming supplies a small
amount of recharge to the shallow ground-water system
in the Montana part of the Powder River Basin Subsur-
face inflow enters Montana primanly 1n three areas along
the Tongue River, along Hanging Woman Creek, and be-
tween the Powder River and the Little Powder River (pl
2) Total inflow 1n these three areas 1s calculated by using
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Darcy’s equation to be between 500 and 1,000 acre-feet
per year

Discharge

Water 1n the shallow ground-water system of the
northern Powder River Basin, for the most part, 1s undis-
turbed by man and 1s essentially in equilibrium, thus,
long-term discharge 1s equal to recharge Ground water
1s discharged through streams and rivers, evapotranspira-
tion, wells, springs and seeps, and subsurface outflow
from the area

Streams and Rivers

The primary mode of discharge from the ground-
water system 1s to perennial streams and rnivers Most of
the ground water drained from the area by streams and
nvers 1s derived from aquifers less than about 200 feet
deep and originates as recharge within the same surface-
drainage basin Some water moves upward from a deeper
flow system through confining zones and discharges to
the major streams Water 1n the bedrock aquifers that does
not drain directly to perenmal streams infiltrates into the
alluvium along intermuttent and ephemeral streams This
water, 1n general, flows through the alluvium m a
downstream direction, and that part not lost to evapotrans-
piration or wells eventually 1s discharged to a perenmal
stream

Most ground water drained from the study area 1s
discharged as base flow through Rosebud Creek and the
Tongue, Powder, and Yellowstone Rivers Estimates of
the volume of ground water discharged by the streams
were obtained through streamflow measurements made
during the fall, when interception by evapotranspiration
was mmmmal and base flow more closely represented
losses from the ground-water system

Streamflow measurements 1n late October and early
November 1977 (Lee and others, 1981, Druse and others,
1981) indicated that streamflow near the mouths of these
streams was 0 04 ft’/s for Otter Creek, 13 6 ft’/s for
Rosebud Creek, and 233 ft*/s for the Tongue River The
flow of Otter and Rosebud Creeks was derived entirely
from ground-water inflow The flow of the Tongue River
included releases from the Tongue River Reservoir Net
gain 1n flow, excluding tributary inflow, between the dam
and the mouth was 77 ft3/s

Average annual flow for the Tongue River near
Miles City for 34 years of record 1s 318,800 acre-feet
Total flow for the 1977 water year was 278,100 acre-feet,
which 1s about 13 percent less than the long-term average
Total flow for Rosebud Creek for the 1977 water year
was 23,960 acre-feet or about 56 percent less than the
average annual flow of 54,770 acre-feet for 5 years of
record at Rosebud Creek at mouth, near Rosebud Only
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part of the total annual flow 1s from aquifer discharge,
the rest 1s derived from surface runoff from storms and
snowmelt

Long-term streamflow-gaging records at Moorhead
and near Locate can be used to estimate the ground-water
contribution to the Powder River Mean flow for October
at Moorhead for 44 years of record 1s 185 ft’/s and mean
flow for October at Locate for 37 years of record 1s 214
ft3/s The only tributary that generally contributes appreci-
able flow to the Powder River during October 1s the Little
Powder River Mean flow for October for the Little Pow-
der River near Broadus for 18 years of record 1s 6 60
ft>/s Inflow to the Powder River from Mizpah Creek dur-
ing October generally 1s less than 0 25 ft’/s The above
figures indicate that the ground-water contribution to the
Powder River between Moorhead and Locate 1s about 22
ft3/s

Ground-water 1nteraction with the Yellowstone
River can be estimated by use of streamflow records from
US Geological Survey streamflow-gaging stations at
Forsyth and Miles City with adjustments for inflow from
Rosebud Creek and the Tongue River During the 4 years
following the establishment of the gage at Forsyth, the
differences 1n flow between Forsyth and Miles City com-
puted for 10-day intervals in October and November
ranged from an average gain of about 110 ft*/s in October-
November 1980 to an average gain of 730 ft*/s n
November 1979 Most of the gain 1s derived from the
study area, because the drainage area of the reach of the
Yellowstone River between Forsyth and Miles City south
of the nver 1s much larger than the drainage area north
of the nver

Evapotranspiration

Discharge of ground water by evapotranspiration oc-
curs primarilly from alluvium along streams where the
water table 1s shallow The rate of evapotranspiration 1s
dependent upon many factors including depth to water,
type and density of vegetation, and chimate The greatest
evapotranspiration occurs during the growing season when
plant growth 1s active, temperatures are warm, and solar
radiation 1s large owing to the greater number of daylight
hours

The area of potential evapotranspiration was as-
sumed to coincide with the area of alluvium 1n the stream
valleys The total area of alluvium 1n the study area was
determined by plamimetering the alluvium shown on the
geologic map of Lewis and Roberts (1978) Alluvium oc-
curs beneath 1,200 mi?, a small part (12 percent) of the
10,000 mi? study area

Potential evapotranspiration was calculated using a
method developed by Blaney and Cnddle (1950) for es-
timating consumptive use (evapotranspiration) by vartous
crops and 1s based on their assumption that evapotranspi-



ration from an alfalfa field 1s approximately equal to lake
evaporation Where sufficient moisture 1s available, con-
sumptive use 1s expressed by the equation

mn
ZE’
U=K. 100 (1)
1
where
U= consumptive use, 1n inches,

K= empirical consumptive-use coefficient, which
1s dependent on the type and location of the

crop,

m=  number of months,

T= mean monthly temperature, 1n degrees
Fahrenheit, and

P= monthly percentage of total daytime hours dur-
ing the year

Using the above method, the calculated potential an-
nual evapotranspiration was 35 28 inches at Busby, 35 83
inches at Broadus, and 36 85 inches at Miles City These
values represent the annual potential evapotranspiration 1f
sufficient moisture 1s available However, annual precipi-
tation in the study area 1s much less than the potential
evapotranspiration, so sufficient moisture would be avail-
able only where the water table 1s very shallow or where
deep-rooting plants, such as alfalfa, can obtain moisture
directly from the ground-water reservorr

If all water lost by evapotranspiration 1s denved
from ground water, 1f evapotranspiration occurs only n
areas of alluvium, and if sufficient water is available, then
the annual discharge of ground water by evapotranspira-
tion from the northern Powder River Basin i1s about
2,000,000 acre-feet Sufficient moisture 1s not always
available so this figure can be regarded as a maximum
The actual volume of ground water lost through evapot-
ranspiration 1s much less

Wells

The shallow ground-water system in the northern
Powder River Basin 1s essentially undeveloped Although
the number of wells 1s large, the density of wells and
the quantity of water withdrawn are small n relation to
the quantity of water discharged by natural means The
nearly 2,000 wells that have been inventoried 1n the study
area represent only part of the total number of wells that
exist The density of the inventoried wells averages about
one well for every 5 mi?> The actual density 1s probably
nearer to one well for every 2-3 mi? or 3,000 to 5,000
wells total Most wells 1n the study area are used for
stock and domestic purposes, with the number of wells
used for stock exceeding those used for domestic or other
purposes Most stock wells are used only when hivestock
are wn pasture, therefore, they are pumped only part of

each year The yield from most wells 1s controlled by
the capacity of the pumping system and not by the hydrau-
lic properties of the aquifer Discharge by wells creates
little stress on the ground-water system, because of the
sparse density of wells, limited pumping time, and less

than maximum yields

Average measured discharge of 697 wells 1n the
basin 1s 9 4 gal/min If 3,000 wells are present, the annual
discharge by stock wells 1s 11,000 acre-feet, assuming
that stock wells constitute SO percent of the total number
of wells and that the stock wells are used 50 percent of
the time If 5,000 wells are present, the annual discharge
from stock wells would be 19,000 acre-feet

Annual pumpage for domestic use can be estimated
using per capita consumption and the number of persons
served The National Water Well Association (1977)
states that daily per capita consumption may be as much
as 150 gallons when outdoor water use 1s considered If
1,500 domestic wells are present in the study area and
the average household consists of 3 2 persons, the total
annual discharge from domestic wells would be about 800
acre-feet If 2,500 domestic wells are present, the annual
discharge would be about 1,300 acre-feet The total an-
nual discharge by stock and domestic wells would range
from about 12,000 to 20,000 acre-feet or 0 022 to 0 038
inch of water 1f applied evenly over the 10,000 mi? study
area

Springs and Seeps

Because of the lenticular nature of the bedding and
high topographic relief 1n the study area, numerous con-
tact springs and seeps are present The more than 430
springs and seeps that have been inventoried constitute
only a part of the springs 1n the area About 980 springs
are shown on U S Geological Survey 7'2-minute topo-
graphic maps All springs are not shown on topographic
maps, therefore, the total number of springs and seeps
1s not known

Discharges ranging from 0 1 to 950 gal/min have
been measured, estimated, or reported for 194 springs and
seeps Average discharge for the inventoned springs and
seeps 1s 5 2 gal/min One spring, near Decker, which re-
portedly yields 950 gal/min, 1s considered to be anomal-
ously large The average discharge does not include this
abnormally large value

The total amount of water discharged through
springs and seeps can only be estimated, because of un-
known factors such as actual number present and dis-
charge rates Assuming a total of 2,000 springs and seeps,
which 1s about twice the number shown on topographic
maps, and an average discharge of 5 2 gal/min, the dis-
charge from the northern Powder River Basin through
springs and seeps would be about 16,800 acre-feet per
year
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Subsurface Outflow

A small amount of water flows from the study area
to Wyoming as subsurface outflow just west of the Ton-
gue River and the Powder River However, as this water
enters the alluvium along each respective niver, it flows
m a downstream direction and re-enters the study area
as streamflow or as subsurface flow 1n the alluvium

As the northern part of the western boundary of
the study area basically coincides with the Tullock Creek-
Little Bighorn River dramnage divide, hittle water leaves
by subsurface outflow through this area Water leaves the
area by subsurface outflow along the western part of the
northern boundary of the study area, but travels only a
short distance, generally less than 6 miles, and discharges
to the Yellowstone River

CHEMICAL QUALITY OF GROUND WATER
Water-Use Standards

Domestic supply and livestock watering constitute
the most common uses of ground water in the northern
Powder River Basin Some ground water 1s used for 1rmi-
gation

Primary and secondary drninking water standards
(table 3) established by the U S Environmental Protection
Agency (1977, 1979) may be used as guides to the suita-
bility of water for domestic use Primary standards pertain
to public water supplies and include substances known
to be toxic to humans n small quantities An excess con-
centration of any of the constituents constitutes a basis
for rejection of the supply Secondary standards are to
be complied with unless no better supply 1s available

Livestock raising 1s a major industry throughout the
area and stock consumption 1S an important water use
McKee and Wolf (1971, p 112) suggest the following
limits of dissolved-sohids concentration for various types
of stock

Dissolved solids
concentration, in

Livestock milligrams per liter
Poultry 2,860
Pigs 4,290
Horses 6,435
Cattle (dairy) 7,150
Cattle (beef) 10,000
Sheep (adult) 12,900

Some 1nvestigators (see McKee and Wolf, 1971, p
113) indicate that these values are much too large for
optimum growth and development of livestock Also, cer-
tain major 1ons may be more limiting than the sum of

14  Effects of Coal Mining in the Powder River Basin, Montana

all constituents For example, stock can tolerate the great-
est dissolved solids when the primary constituents 1n the
water are sodium and chlonde Water containing a large

concentration of sulfate 1s much less desirable
The suitability of ground water for livestock water-

ing 1n southeastern Montana can be assessed by reference
to classifications developed by the South Dakota Agricul-
ture Experiment Station and by the Montana State Col-
lege, Agnculture Experiment Station (McKee and Wolf,
1971, p 113)

Dissolved-solids concentration,

Classification in milhgrams per hter

Montana South Dakota
Excellent 0-1,000
—————————— 0-2,500 —_—————
Good 1,000—4,000
Fair 2,500-3,500
____________________ 4,000-7,000
Poor 3,500-4,500
Unfit More than 4,500 More than 7,000

The suitability of water for irmgation use 1s depen-
dent on the concentrations of dissolved solids and specific
1ons as well as factors such as soil type, soil dranage,
and crop type Sustained application of water containing
large dissolved-solids concentrations can result in 1n-
creased salt concentrations 1n the root zone The part of
the applied imgation water that remains 1n the soil, the
so1l solution, tends to become more concentrated as rela-
tively pure water i1s utilized by plants or lost upward
through capillary action and evaporation If the root zone
1s not leached, the salt concentration of the soil solution
will increase until 1t reaches the limat of solubility of the
salt

According to McKee and Wolf (1971, p 107) the
maximum concentration of dissolved solids considered
suitable for best crop growths of all types of plants, 1n-
cluding salt-susceptible plants, 1s about 1,000 mg/L (muil-
ligrams per liter) A dissolved-sohds concentration of
about 3,150 mg/L generally 1s the maximum for the safe
watering of any plant, provided that drainage 1s excellent
and each watering 1s of sufficient volume to leach the
root zone

Large concentrations of sodium and sulfate are pn-
mary contributors to salimty problems in southeastern
Montana Large concentrations of sodium 1n imgation
water can cause accumulations of sodium 1ons and a
breakdown of granular soil structure The result 1s defloc-
culation of the soil, which results in a sealing of soil



Table 3. Drinking water standards

Maximum contaminant level

Equivalent
Secondary trace-constituent
Primary standard’, standard?, concentration?,
in milhgrams in milhigrams In micrograms
per hter per hiter per hter

Arsenic 005 -- 50
Barium 1 - 1,000
Cadmium 010 -- 10
Chlonde -- 250 --

Chromium 05 - 50
Copper -- 1 1,000
Dissolved sohids -- 500 --

Fluoride 922 - --

Iron - 3 300
Lead 05 -- 50
Manganese -- 05 50
Mercury 002 - 2
Nitrate (as N) 10 -- --

Selenium 01 -- 10
Silver 05 -- 50
Sulfate -- 250 --

Zinc - 5 --

'U S Environmental Protection Agency (1977)
2U S Environmental Protection Agency (1979)

3The U S Geological Survey reports trace-constituent concentrations 1n micrograms per liter
“Range based on the annual average of maximum daily air temperatures of 53 8 to 58 3°F

pores and a decrease 1n soil permeability Additional 1n-
creases 1n sodium percentage causes continued deteriora-
tion of the soil and an increase 1n pH, producing alkal
so1ll McKee and Wolf (1971, p 110) indicate that to pre-
vent harmful effects on soil structure, sodium needs to
be less than 50 to 60 percent of total cations

The solubilities of sodium sulfate and magnestum
sulfate are greater than the tolerance limit of many plants
Therefore, toxic soil-solution concentrations may result
from sustained application of water contaiming large sul-
fate concentrations Cntical concentrations of sulfate 1n
urigation water are dependent on soil drainage, quantity
of water apphed, and concentration of dissolved con-
stituents, especially chlonde Chlonde concentrations 1n
water 1n the study area are commonly small, thus, sulfate
1s the determining 1on Considering the mean chlonde
concentration of 17 mg/L for ground water from 665 sam-
pled wells and springs 1n the study area, critical sulfate
concentrations range from about 150 to 700 mg/L, de-
pending on so1l conditions

Dissolved Constituents and Distribution

Quality of shallow ground water in southeastern
Montana ranges widely as a result of differing geochemu-

cal controls, geology, and hydrology A general assess-
ment of water quality can be made 1f depth of producing
zone, location within the area, and hthology are consi-
dered

Most shallow ground water 1n the northern Powder
Raiver Basin does not meet recommended standards (table
3) of the U S Environmental Protection Agency for pub-
hc drinking water However, some water at shallow
depths 1n recharge areas contains less than the 500 mg/L
dissolved solids recommended for public supply

Common-constituent concentrations (table 4) indi-
cate some signmficant differences 1n water quality with
depth Springs averaged 1,630 mg/L of dissolved solids
with sodium, magnesium, calcium, sulfate, and bicarbo-
nate being the dominant 1ons Water from wells less than
200 feet deep was dominated by various combinations of
sodium, magnesium, calcium, sulfate, and bicarbonate
with sodium and sulfate as the most common dominant
1ons, and contained an average dissolved-solids concentra-
tion of 2,100 mg/L Water from wells between 200 and
1,200 feet deep was dominated by sodium and bicarbonate
with an average dissolved-solids concentration of 1,400
mg/L (fig 4) Many waters contained a sufficient concen-
tration of hydrogen sulfide to impart a definite odor Doc-
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Table 4. Summary of selected common constituents in water from wells and springs’
[Constituents are dissolved and concentrations are reported 1n mulligrams per hiter]

Source Number Magne- Bicar- Car- Dis-
of of Calcium  sium  Sodium Potasium bonate bonate Sulfate Chlonde solved

water samples (Ca) (Mg) (Na) (K) (HCO3) (CO3) (SO.) (Cl) solids
Springs 149 Minimum 95 30 66 2 5 0 15 13 160
Mean 110 140 240 10 580 2 830 80 1,630

Maximum 400 510 1,800 31 1,500 37 5,500 36 5,260

Well depths 375 Minimum 17 3 32 1 20 0 0 4 110
less than Mean 120 120 410 8 650 2 1,100 13 2,100
200 feet Maximum 460 680 1,900 48 2,000 53 4,400 120 6,300
Well depths 141 Minimum 10 1 13 1 230 0 1 30 390
greater than Mean 32 27 450 4 850 14 390 36 1,400
200 feet Maximum 350 330 1,700 14 2,000 440 3,300 770 5,720

'From Lee (1981, pS

kins and others (1980) report that dissolved sulfide 1s pres-
ent 1n ground waters of southeastern Montana 1n concen-
trations that generally are less than 1 mg/L but can be
as much as 3 to 4 mg/L The probable source of the
sulfide 1s bactenally promoted sulfate reduction

Water at depths of less than 200 feet generally com-
pnises the upper chemical zone Maps of percent sodium
plus potassium (fig 5) and percent sulfate (fig 6) in water
from springs and wells less than 200 feet deep indicate
sodium and sulfate enrichment of water as recharge waters
enter the aquifers and move downgradient Because flow
patterns of water at depths of less than 200 feet generally
comncide with the topography, the influence of an indi-
vidual recharge area 1s limited 1n areal extent This condi-
tion suggests a cellular pattern of small recharge-discharge
cells, as shown on the maps of percent sodium plus potas-
sium (fig 5) and percent sulfate (fig 6)

Trace-constituent concentrations (table 5) vary
throughout the area and most are less than the maximum
contaminant levels estabhshed by the U S Environmental
Protection Agency (1977, 1979) Maximum concentration
of iron was 53,000 pg/L (micrograms per liter) and stron-
tium was 9,000 pg/L. (table 5) Manganese and boron
concentrations 1n excess of 1,000 pg/L also were re-
ported A summary of radiochemical and miscellaneous-
constituent concentrations 1n water from wells 1 the
northern Powder River Basin 1s given 1n table 6 The re-
ported concentrations of total nitrogen were 6 2 mg/L or
less for all samples except one

Ground-water supplies are generally suitable (fair to
excellent) for hivestock watering Most water 1n the shal-
low ground-water system in southeastern Montana con-
tains concentrations of sodium or dissolved solids that ex-
ceed maximums developed by the U S Salimity Laborato-
ry Staff (1954) and are not suitable for irrigation Some

16 Effects of Coal Mining in the Powder River Basin, Montana

supplhies may be used 1f water-application rates are suffi-
cient to thoroughly leach the soil A few wells are used
for umigation even though the salinity and sodium hazards
of the water are large

Processes and Factors Controlling
Concentration of Mineral Constituents

A generahized conceptual model of the shallow
ground-water system (fig 7) was developed from the ob-
served chemical composition of water, probable mineral-
water interactions, aqueous chemistry, geology, and hy-
drology 1n southeastern Montana (Lee, 1981) The section
depicted 1n figure 7 may vary n length from 2 to 20
miles from the recharge area (A) to the discharge area
(D) Vertical exaggeration 1s about 50

At pont A, chemical composition would represent
recharge waters dominated by magnesium, calcium, and
bicarbonate, with sigmificant amounts of sodium and sul-
fate, but having a small dissolved-sohds concentration
As the water percolates through the system, sodium and
sulfate enrichment results in larger percentages of sodium
and sulfate and larger dissolved-solids concentrations at
B At C, chemical composition would represent a mixture
of water at B and recharge water that has percolated
through the very permeable clinker The mixing results
1n a solution containing a smaller dissolved-sohds concen-
tration than at B with a chemical composition approaching
that for recharge water, that 1s, a lesser percentage of
sodium and sulfate At D, water quality 1s predominantly
sodium and sulfate (developed by sodium and sulfate en-
richment), which may discharge as base flow to the
stream In the deep coal bed at E, sulfate reduction may
dominate the geochemustry of the ground water, producing
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Figure 4. Tnlinear diagram of average peicentages of chemical constituents in water from wells and springs

a sodium bicarbonate water with a chemical composition
that 1s almost indistinguishable from water of deeper
aquifers At F, water of the deeper regional zone (whose
chemical character probably developed similar to water
at E) would be dominated by sodium and bicarbonate
Finally at G, upward leakage would result in a chemical
composition similar to a composite of waters from D, E,
and F Chemical character of water at G would be deter-
mined by the dominant water supply from D, E, or F

Much of the water quality in the shallow system
depends on munerals 1n the aquifers through which the
waters flow Probable mineral reactions within the aque-
ous phase are

Ca*2+HCO;sCaCO; +H* V)
(calcite)
Mg*2+HCO;s MgCOs+H* 3)
(magnesite)
Ca*2+Mg*2+2HCO; sCa,Mg(CO5), +2H @)
(dolomite)

9H,0+2H,CO3+2NaAlS1;05
(albite)
S2Na* +2HCO; +4H,810,4+ Al,81,05(0H),  (5)
(kaolinite)

Ca*2+Mg*2+4Na* (on sediment)
Ca*?, Mg*? (on sediment)+4Na™* (6)

Chemical Quality of Ground Water 17
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Reactions 2, 3, and 4, as written from left to right,
would result in indirect sodium and sulfate enrichment
by removing calcium, magnesium, and bicarbonate from
solution Equations 5 and 6 would enrich sodium directly
in solution The sediment 1n reaction 6 could be smectite
clay minerals, coal, or carbonaceous shale having large
exchange capacities

Sulfate enrichment 1n ground water occurs by pynte
oxidation or gypsum dissolution (Lee, 1981, p 12) as
follows

2FeS;+70,+2H,02Fe *2+480,2+4H™ )
(pynite)
CaS0, 2H,0Ca*?+80,72+2H,0 8)
(gypsum)

Sulfate depletion may occur chemically by bacterially pro-
moted sulfate reduction (Dockins and others, 1980)

$0,724+2CH,0=H,0+C0,+HCO; +HS" )

Mixing of ground waters of differing chemical com-
positions can cause increases or decreases in percentage
of sodium or sulfate, thereby creating apparent geochemi-
cal anomalies Mixing of a shallow ground water enriched
in sodium and sulfate with relatively fresh recharge water
would decrease sodium and sulfate percentages with re-
spect to the shallow ground water Mixing of a shallow
ground water with water dominated by sodium and bicar-

bonate from a deep regionally extensive aquifer would
decrease the percentage of sulfate but show little or no
change 1in sodium percentage with respect to shallow
ground water These two mixing phenomena would appear
as geochemical trend reversals 1n figure 6 such as along
the Tongue River about 20 miles north of Ashland

EFFECTS OF MINING ON
GROUND-WATER RESOURCES

Vanous phases of mining operations will affect the
ground-water reservorr 1n different ways Effects of the
mining itself will differ from those of processing and plant
operations Effects of processing and plant operation occur
primarily as a result of increased withdrawals from the
ground-water reservoir, whereas effects of the mining pro-
cess could nvolve nterruption of ground-water flow pat-
terns, removal of aquifers, and possible alteration of the
chemical quality of the ground water In this report, the
effects of the mining process 1itself are emphasized

Water Levels and Flow Patterns

The effects of mining on water levels and flow pat-
terns are dependent on the location of the mine with rela-
tion to the geology and the ground-water system Surface
coal mines located above the potentiometric surface will

Table 5. Summary of trace constituents in water from selected wells’
[Constituents are dissolved and concentrations are reported in mucrograms per liter]

Number Concentration
Constituent of Mintmum Mean Maximum
samples
Aluminum, Al 57 10 80 470
Arsenic, As 61 0 1 4
Barium, Ba 57 0 120 600
Boron, B 60 5 230 1,100
Cadmium, Cd 57 0 0 1
Chromium, Cr 57 0 30 100
Copper, Cu 63 0 4 30
Iron, Fe 65 0 180 53,000
Lead, Pb 57 0 28 100
Lithium, L1 57 10 100 360
Manganese, Mn 57 0 220 4,600
Mercury, Hg 61 0 3 17
Molybdenum, Mo 57 0 19 100
Selemum, Se 52 0 1 6
Strontium, Sr 57 100 2,200 9,000
Vanadium, V 56 0 22 100
Zinc, Zn 57 0 100 500

"Modified from Lee (1979)
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have httle, 1f any, effect on water levels and flow pat-
terns Possible effects would be limited to increased re-
charge from seepage through the pit floor

Mines, which are located below the potentiometric
surface but above water-yielding zones 1n areas where
confined ground-water conditions exist, also will have lit-
tle effect on water levels and flow patterns Some upward
leakage will occur through the confining zones between
the aquifer and the pit floor, particularly if mining ac-
tivities destroy or damage the integrity of the confining
zones If confining zones are not destroyed or damaged,
the amount of upward leakage would not significantly ex-
ceed premining values Such leakage could cause minor,
localized depressions on the potentiometric surfaces
Changes in potentiometric surfaces probably would be of
less magnitude than natural water-level trends and, there-
fore, probably would not be detectable without intensive
monitoring before and during mining

The greatest potential for alteration of water levels
and flow patterns occurs where mines intersect a water-
yielding zone The magntude and areal extent of changes
in water levels and flow patterns are dependent on many
variables including

(1) The areal extent of the flow system penetrated

by the mine,
(2) the thickness of the saturated interval penetrated
by the mine,

(3) the hydraulic head at the mine site,

(4) the honzontal and vertical distnibution and mag-
nitude of hydraulic conductivity and storage
coefficient surrounding the mine site,

(5) the distance to and types of hydrologic bound-
aries,

(6) the s1ze and shape of the mine cut,

(7) the length of time the mine 1s 1n operation

The maximum practical overburden thickness that
presently can be removed during surface coal mining 1s
about 200 to 250 feet, thereby essentially limiting mining
to the upper part of the shallow ground-water system
Thus, alteration of potentiometric surfaces and flow pat-
terns 1n the upper part of the shallow ground-water sys-
tem, which 1s composed of numerous flow cells of limited
areal extent, essentially will be confined to the flow cell
1n which the mine 1s located

The varied lithology within the stratigraphic umits
will help to limit the effects of miming on water levels
and flow patterns Intertonguing sandstone, siltstone, and
shale characterized by truncated units and abrupt facies
changes compose a system of numerous lenticular aquifers
and confining zones of hmited areal and vertical extent
Coal beds, which generally are continuous beneath large
areas, are transected by fracture systems that are not inter-
connected over large distances and provide only himited

Table 6. Summary of radiochemical and miscellaneous-constituent concentrations
in water from selected wells’

[Concentrations are reported 1n milligrams per liter (mg/L), except where indicated as micrograms per liter
(ng/L) or picocuries per hter (pCvL)]

Number Concentration
Constituent of Minimum Mean Maximum
samples
Total sulfide, S 50 00 06 30
Dissolved fluonde, F 65 1 12 50
Dissolved bromide, Br 50 0 2 13
Dissolved todide, I 49 00 01 18
Dissolved silica, S10, 65 58 118 31
Total mtrogen, N 63 14 2 61 14
Total phosphorus, P 64 00 10 71
Dissolved gross alpha 59 71 325 140
as U-nat (ng/L)
Suspended gross alpha 59 4 45 47
as U-nat (pg/L)
Dissolved gross beta 59 19 121 150
as SrP%Y* (pCi/L)
Suspended gross beta 59 4 25 19
as Sr%Y* (pCvL)
Total organic carbon, C 41 1 111 83
Dissolved organic carbon, C 11 7 26 50
"Modified from Lee (1979)
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EXPLANATION

SANDSTONE

SHALE

COAL

ALLUVIUM

CLINKER

————— WATER TABLE

DIRECTION OF WATER
MOVEMENT

WATER-QUALITY ZONE

>

Recharge area

w

Shallow aquifer downgradient from
recharge area

Shallow aquifer underlying recharge
area

Shallow aquifer near discharge area
Deep coal-bed aquifer

Deep regional aquifer

O m mo O

Zone of mixing of water from
regional and shallow aquifers

Figure 7. Generalized conceptual model of the shallow ground-water system. Modified from Lee (1981).

paths for the movement of ground water and limited areal
migration of water-level declines.

The lithologic distribution imposes a complicated
system of ground-water flow, especially where the system
is stressed. Water flows relatively freely through local
zones of large hydraulic conductivity (sandstone and frac-
tured coal beds) and much less freely through zones of
small hydraulic conductivity (shale and non-fractured
coal). As a result, drawdown effects of water being with-
drawn from a zone of large hydraulic conductivity tend
to be restricted by intervening small-conductivity mate-
rials, which retard the flow from nearby large-conductivity
zones. Consequently, each sandstone lens or fracture sys-
tem not contiguous with another essentially can be consi-
dered as an individual aquifer with available recharge lim-
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ited to leakage through the surrounding confining zones.
Drawdown effects on nearby large-conductivity zones will
be dependent on rate of leakage through low-conductivity
zones and the ratio of the hydraulic conductivities.
Faulting further complicates flow patterns in the
shallow ground-water system. Van Voast and Hedges
(1975) indicate that faults in the northern Powder River
Basin generally function as barriers to ground-water flow.
Fault zones also may function as recharge boundaries be-
cause fractures commonly are more abundant near faults.
No faults that function as recharge boundaries have been
identified in the study area. Fault boundaries, whether
barriers or recharge boundaries, tend to limit areal migra-
tion of water-level changes resulting from mining.
Detailed local geologic and hydrologic information
is needed to accurately predict the effects of mining at



any particular site Data collected during the mine-plan
phase of development can fulfill this need

Postmining Water Levels and Flow Patterns

Upon completion of miming, withdrawals from the
shallow ground-water system will cease, the final mine
cut will be filled, and the system will begin re-establish-
ment of equilibrium flow conditions Flow will continue
toward and begin filling the depression 1n the potentiomet-
nic surface created by the mine dewatering

Water levels generally will begin to rnise, most rap-
idly near and within the former mine Imtally, water
levels just beyond the periphery of the area of water-level
decline created by mining might decline shghtly in re-
sponse to supphes required to fill the depression 1n the
potentiometric surface Lateral inflow and surface infiltra-
tion will cause water levels to continue to rise until an
equiibrium flow pattern 1s attained and premining water
levels surrounding the former pit are approximated
Water-level configuration and flow patterns within the
spoils that fill the former mine will be modified from
premining conditions, owing to the altered lithologic dis-
tribution Evaluation of the effects of mining on water
levels and flow patterns at any particular mine site will
require intricate geologic and hydrologic mapping

Productivity of Wells

The effects of mining on potential productivity of
wells surrounding the mined area are related directly to
the change in water level at a well site In areas where
ground water 1s under artesian pressure, reduction of
water levels may involve only a reduction in hydraulic
head, rather than actual dewatering of the aquifer

Where the potentiometric surface declines to a level
below the top of the water-yielding matenal (below the
base of the confining matenal), the aquifer becomes un-
confined and dewatering of the aquifer occurs, resulting
in a reduction of saturated thickness at the well site Be-
cause of actual reduction 1n saturation, effects on produc-
tivity are greater where dewatering occurs

In the northern Powder River Basin, many wells
are not being pumped at capacity The yield of these wells
1s himited by well design or the capacity of the pumping
system used and not by the hydraulic properties of the
aquifer Reduction 1n capacity of the wells will not affect
the usage unless capacity 1s reduced to less than the pres-
ent production

Water levels, and hence productivity of wells, will
be affected pnimanly 1n aquifers that occur stratigraphi-
cally above the base of the mine and that are hydrauhically
connected to the mine Water levels in aquifers below
the mine, 1n aquifers not hydraulically connected with the

mine, and 1n aquifers outside the local flow system in
which the mine 1s located essentially will be unaffected

Postmining Productivity of Wells

As water levels begin to adjust and nise toward an
approximation of their premining configuration, the poten-
tial productivity of wells will increase toward premining
rates 1n the areas outside the spoil materials Data from
existing mines indicate that the ability of spoils to transmit
water generally 1s as great or greater than the coal they
replace Thus, as water levels nse, the potential produc-
tivity of wells completed 1n spoil matenals probably will
approach and may exceed that of wells that could have
been completed 1n the mined coal

Chemical Quality of Water

Previous 1nvestigations of surface coal mines were
largely 1n the East where rainfall 1s greater and more py-
nte and organic sulfur are present These studies were
concerned primarily with acid-mine drainage to surface
waters Although similar reactions may occur in the West,
only a small amount of surface water flows from the
mines to the streams Ground water, rather than surface
water, 1S most susceptible to change

Replacement of overburden matenal, consisting
largely of sandstone, siltstone, and shale as well as some
coal and other carbonaceous material, will result 1n
changes 1n hydraulic properties of the aquifer, including
alteration of flow paths and exposure of fresh mineral sur-
faces This combination provides the opportumty for rapid
chemical reactions and increased minerahization of ground
water In addition, minerals that are stable in the reduced
state 1n the saturated zones likely will be 1n the unsatu-
rated zone and subject to oxidation

Studies by R L Houghton (U S Geological Sur-
vey, written commun , 1982) in western North Dakota
have shown that the quality of shallow ground water 1s
controlled mainly by chemical processes occurring in the
unsaturated zone For the most part the reactions occur
naturally, but are accelerated by surface mning
Houghton and Moran, Groenewold, and Cherry (1978)
emphasize that a primary contributor to dissolved solids
m the ground water 1s the dissolution of gypsum Gypsum
15 generated 1n spoil matenals by the oxidation of iron
sulfide minerals and the dissolution of calcite These in-
vestigators believe that mineralization of water n re-
claimed spoils can be decreased by selective placement
of overburden maternial Placing salt-nch matenal (ob-
tained from near-surface horizons) above the water table
and organic-rich and clay-rich matenals below the water
table can limit sigmficant degradation of water quahty
Returning matenal obtained from below the water table
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to the saturated zone will decrease further oxidation and
Imit the availability of sulfate Effects of plumes of
mineralized water that may develop in an aquifer may
not appear for years, depending on aquifer properties,
downgradient withdrawals, discharge to streams, and the
proximity of wells to the plume

Van Voast and Hedges (1975) and Van Voast and
others (1977, 1978) discussed the effects of surface coal
mining near Decker and Colstrip, Montana They indi-
cated the possible development of plumes of water con-
tamning large concentrations of sulfate and mitrate from ex-
plosives, but stated that the effects on water quality would
be minor Shale present in overburden matenals also may
serve as a possible source of mitrogen Power and others
(1974) state that mitnification of exchangeable NH,* nitro-
gen contained n shales in the Tongue River Member oc-
curs readily after exposure to atomospheric conditions
Dockins and others (1980) found that sulfate-reducing
bacteria re-establish themselves 1n the spoils aquifer, how-
ever, the short-term effects are minor on waters having
a large sulfate concentration

M E Crawley (U S Geological Survey, oral com-
mun , 1979) indicated that cation exchange has enriched
the spoils water with respect to sodium at the Gascoyne
Mine, which 1s about 50 miles east of the Montana-North
Dakota line Together with the large sulfate concentration
resulting from pynte oxidation, cation exchange helped
create the sodium sulfate plume

The potential water-quality problems and the lack
of information on mine spoils n southeastern Montana
necessitate additional intensive studies Such studies need
to define the chemical reactions taking place in the spoils
and the transport mechanisms of chemical species migrat-
ing through the spoils and into the undisturbed aquifers

Simulated Effects of Mining on Water Levels

To 1llustrate possible effects of mine dewatering on
surrounding water levels, digital models were constructed
to depict the influence of varying hydraulic properties and
geologic conditions The hydraulic and geologic settings
that were simulated do not represent any particular site,
but are representative of typical conditions 1n the northern
Powder River Basin The models present a general picture
of the effects on water levels that can be expected as
a result of dewatering of excavations that penetrate a
water-yielding zone

A model described by Trescott and others (1976)
was used for the simulations This model 1s designed to
simulate 1n two dimensions the response of an aquifer
to an imposed stress A variable-gnd spacing was used,
with the smallest grnd spacing being near the excavation
to provide better definition of the effects of the stress
on water levels in that area Hydraulic-head-controlled
flux nodes (Hutchinson and others, 1981, p 16-21) were
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placed 1n a rectangular pattern about 9 miles distant from
the excavation The effect of the flux nodes 1s to simulate
constant-head boundaries at an effective distance of about
60 miles from the excavation, so that any boundary effect
on the results would be negligible The results, therefore,
simulate an areally extensive aquifer Dewatering of the
excavation was simulated by leakage

The purpose of the models 1s to 1llustrate the effects
of changes 1n hydrauhic head, hydraulic conductivity, stor-
age coefficient, mine-cut size, slope of the mmtial poten-
tiometric surface, and effects of hydrologic boundaries
Effects of changes 1n any one of these parameters are
illustrated and compared with a base model, which depicts
a homogeneous, 1sotropic, infinite aquifer having a thick-
ness of 10 feet, a hydraulic conductivity of 0 5 ft/d, and
a storage coefficient of 10 The 1mtial potentiometric
surface 1s placed 10 feet above the top of the aquifer
The aquifer simulated in the model represents the coal
bed to be mined or the overburden above the target coal
bed

The results of these models, which were designed
to depict maximum-drawdown situations, indicate that
after 20 years of continuous dewatering of an aquifer 10
feet thick with an mmtial hydraulic head 10 feet above
the aquifer, water-level declines greater than 1 foot gener-
ally would be hmited to within about 7 5 mules of the
center of the mine excavation, declines greater than 2 feet
to within about 6 miles, declines greater than 5 feet to
within about 3 7 mules, declines greater than 10 feet to
within about 1 7 mules, and dechines greater than 15 feet
to within 1 2 miles

Because the aquifer 1s assumed to be confined, the
drawdown effects spread more rapidly for a greater dis-
tance than 1If the aquifer was unconfined or would become
unconfined as a result of mmne dewatering The models
assume that the aquifer 1s essentially of infinite areal ex-
tent, but 1n many 1nstances the areal extent of the effects
of mining on drawdown will be hmited by the extent of
the aquifer The mine cut, in most examples, 1s one-fourth
mile wide by 1 mile long and 1s assumed to be completely
dewatered 1nstantaneously In actuality, the pit probably
will be smaller 1n size, excavation and dewatering depth
will progress through some time interval, and the pit will
be moved areally as mining progresses The models do
not account for recharge by infiltration of water from rain-
fall and snowmelt, leakage from overlying or underlying
aquifers, or conversion from confined to unconfined con-
ditions

The results of the models are 1llustrated 1n map and
graphic forms The progression of water-level declines
through time for the assumed base conditions 1s depicted
mn figure 8 Ideally, the water-level contours would appear
as smooth concentric ovals around the excavation The
plots were computer generated, and irregularities in the
contours result from the rounding of output-data values
and the wide grid spacing used 1n the model
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Figure 8. Configuration of the cone of depression around a dewatered excavation in a homogeneous, isotropic
aquifer after 1 year, 10 years, and 20 years of continuous dewatering

The effects on water levels of changes in hydraulic
conductivity, storage coefficient, aquifer thickness, depth
of mine below the imtial potentiometric surface, and size
of excavation are 1llustrated 1n figure 9 Each curve 1llus-
trates the effect of modifying one parameter in the base
model The effect of each change can be determined by
comparison with curve 1 Curve 2 was developed by n-
creasing the hydraulic conductivity from 0 S ft/d to 5 ft/d,
curve 3 by increasing the storage coefficient from 107

to 1073, curve 4 by changing the top of the aquifer from
10 to 50 feet below the imtial potentiometric surface,
curve 5 by increasing the aquifer thickness from 10 feet
to 20 feet, and curve 6 by increasing the excavation width
from one-fourth mile to 1 mile A curve developed by
changing the initial potentiometric surface from horizontal
to a slope of 50 ft/m1 1s not shown because it was essen-
tially the same as curve 1, the maximum deviation from
curve 1 was 01 foot Compansons of the curves shown
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1n figure 9 indicate that the increase in drawdown caused
by depth of excavation below the potentiometric surface,
increased thickness of the aquifer, or areal extent of the
excavation (curves 4, 5, and 6) generally 1s largest near
the excavation and becomes progressively smaller with
distance At a distance of about 9 miles from the excava-
tion the drawdowns are similar, having a maximum differ-
ence of about 1 foot The area affected 1s not altered
significantly Changes in hydraulic-conductivity and stor-
age-coefficient values significantly alter the drawdown
configuration and the area affected An increase in hy-
draulic conductivity (curve 2) results in a flatter draw-
down curve and a larger area of influence, whereas an
increase 1n storage coefficient (curve 3) produces a steeper
curve and smaller area of influence
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Figure 10. Influence of hydrologic boundaries on the
cone of depression around an excavation in a
homogeneous, 1sotropic aquifer after 20 years of con-
tinuous dewatering

The effects of boundary conditions in the aquifer
on the areal configuration of the cone of depression are
shown 1n figures 10, 11, and 12 The boundaries are de-
signed to 1llustrate the effects of lateral changes 1n hydrau-
lic conductivity or the influence of surface-water bodies
The boundaries depicted may be considered to represent
various geologic situations For example, an aquifer with
a hydraulic conductivity of 5 ft/d adjacent to an aquifer
with a hydraulic conductivity of 0 5 ft/d could represent
a facies change from sandstone to shale, a lateral transi-
tion from a fractured coal to a non-fractured coal, or
faulted sandstone against shale The effects of an excava-
tion being located 1n an area of the aquifer having a small
hydraulic conductivity (0 5 ft/d) bounded by an area of
larger hydraulic conductivity (5 ft/d) are shown in figure
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Figure 11. Influence of surface water on the cone of
depression around an excavation in a homogeneous,
isotropic aquifer after 20 years of continuous dewater-

ing
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10 The effects of a nearby surface-water body (lake or
perenmal stream) that recharges the aquifer are shown 1n
figure 11

Comparnison of effects of various boundary condi-
tions are shown by the profiles in figure 12 Curve 1
1s that of the base model and 1s shown for comparative
purposes All other curves reflect the effects of various
boundary conditions

Effects of Existing Mines

Cooperative and individual studies by the Montana
Bureau of Mines and Geology and U S Geological Sur-
vey (1978) pertaining to the effects of mining near exist-
ing mine sites have, 1n general, indicated that

(1) Ground-water nflow to active mine pits generally
1s small 1n volume and, 1n some instances,
pumping from the pits has not been necessary

(2) Mine effluents, where pumping 1s necessary, are
mixtures of ground waters that in most places
discharge to the surface naturally, and have
not created serious water-quality changes

(3) Water-level declines locally can be sigmificant
during active mining operations, but water
levels recover toward premining positions
when mining ceases

(4) Mine spoils generally transmit water at rates
equal to or greater than the natural aquifers,
and the ability to transmit water 1S greatest
along the base of the spoil matenals

(5) Mineralization of ground water 1n mined areas
locally can be large, but regionally the prob-
lem 1s small because of the small percentage

HYDROLOGIC CONDITIONS

of ground-water systems where mining 1s feas-
1ble
(6) Presently used ground-water supplies that are per-
manently lost owing to mining can be replaced
by completing wells 1n deeper aquifers
Summarnies of the results of studies by the Montana Bu-
reau of Mines and Geology (Montana Bureau of Mines
and Geology and U S Geological Survey, 1978) at four
munes 1n the study area follow

Absaloka Mine

The Absaloka Mine, since it was opened 1n 1974,
has disturbed about 300 acres of land Pumping from the
mine has not been necessary because of the small inflow
resulting from the poor productivity of the aquifers Water
levels 1n observation wells near the mine have not de-
chined Little water has entered the spoils Water samples
collected from the spoils contained about 2,200 mg/L of
dissolved solids Dissolved-solids concentration of water
from undisturbed aquifers 1n the area ranges from about
100 to 5,000 mg/L

Rosebud Mine

The Rosebud Mine, which has been in operation
since 1924 except for a 10-year interval between 1958
and 1968, has disturbed about 10,000 acres Occasionally,
inflow to the mine has been large enough to require pump-
ing Water levels 1n observation wells near the mine have
not shown perceptible declines A saturated zone of as
much as 20 feet 1s now present 1n the spoils Aquifer
tests using wells 1n the spoils indicate that the spoils trans-
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Figure 12. Companison of the effects of hydrologic boundaries on the cone of depression around an excavation
in a homogeneous, isotropic aquifer after 20 years of continuous dewatering
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mut water at least as efficiently as the undisturbed aquifers
they replaced

Dissolved-solids concentrations of water from the
spoils generally are larger than those of water from the
coal bed being mined, but the natural diversity of water
quality 1n the area makes comparison difficult The water
quality 1n and near the mined area has a tendency to
change continually, but a trend toward either increasing
or decreasing salimity 1s not apparent Dissolved-sohds
concentrations of water from undisturbed aquifers 1n the
area range from about 400 to 6,000 mg/L

Ponding of surface runoff near the mine attenuates
peak flows and alters the time distribution of streamflow
Rather than peak flows occurnng mainly during spring
runoff, streamflow 1s now more evenly distributed
throughout the year Downstream imgation-diversion
structures were designed to divert water during spring
runoff, and they have no mechanisms to permit the bypass
of normal streamflow Thus, the alteration of streamflow
distribution can result in continuous water application 1n
some areas and waterlogging of imgated lands

Big Sky Mine

The Big Sky Mine has disturbed about 800 acres
of land since 1t was opened 1n 1969 Inflow to the mine
1s of sufficient quantity to require pumping Effluent from
the mine 1s a mixture of local ground waters, and degrada-
tion of water quality has not resulted Water levels have
dechined about 6 feet within one-quarter mile of the mine,
but beyond 1 5 miles west of the mine, declines have been
less than 1 foot Aquifer tests of wells indicate that the
spoils are much more capable of transmitting water than
are the aquifers being mined Water from the spoils con-
tains relatively large dissolved-solids concentrations, some
greater than 7,000 mg/L  Ground-water quality 1n the area
varies, but no trend toward increasing or decreasing salin-
ity has been noted

West Decker Mine

Since being opened 1n 1972, the West Decker Mine
has disturbed about 1,000 acres of land Hydrologic condi-
tions at West Decker differ from most existing or potential
mine sites in the area The Tongue River Reservoir just
east of the mine serves as a hydrologic boundary that
limits the migration of water-level declines Ground-water
inflow to the mine 1s sufficient to require pumping
Effluent from the mine 1s a mixture of ground water that
would discharge to the reservoir under natural conditions
Water levels near the pit have declined as much as 40
feet Declines have been more than 10 feet within 2 miles
west of the pit Aquifer tests indicate that the spoils are
at least as capable of transmitting water as the coal they
replaced Ground water has readily entered the spoils after

the pit 1s backfilled, and water levels have risen as much
as 30 feet 1n and near backfilled areas since 1975

Dissolved-solids concentrations of some samples of
water from the spoils have exceeded 6,000 mg/L The
primary constituents are sodium and sulfate Dissolved-
solids concentrations of the water contained 1n the coal
aquifers range from about 1,000 to 2,000 mg/L.  Sodium
and bicarbonate are the primary constituents

The natural ground-water gradient at the site 1s to-
ward the reservoir After mimng 1s completed and dewat-
ering of the pit has ceased, water from the spoils will
flow toward and discharge to the reservoir Because
ground-water discharge 1s small, water-quality changes 1n
the reservorr probably will be neghgible

SUMMARY

The geologic framework for the shallow aquifers 1n
the northern Powder River Basin 1s composed of sedimen-
tary units ranging 1n age from Late Cretaceous to Holo-
cene Geologic umits that compose the shallow ground-
water system consist of Upper Cretaceous marine deposits
of the Fox Hills Sandstone overlain by Upper Cretaceous
to Holocene continental deposits of the Hell Creek Forma-
tion, Fort Umon Formation, Wasatch Formation, terrace
deposits, and alluvium The maximum thickness of the
section 1s about 5,000 feet Prominent structural features
in and near the study area include the Miles City arch,
Black Hills uphft, Porcupine dome, Bighorn uplift, Ash-
land synchine, Tongue River syncline, Williston Basin,
and Powder River Basin

Flow 1n the ground-water system above the Bearpaw
Shale can be divided, 1n general, into two flow patterns
Aquifers that generally are at depths of less than about
200 feet have a localized flow pattern, which 1s controlled
by the surface topography Aquifers that generally are at
depths greater than about 200 feet have a regional flow
pattern, with flow generally northward toward the Yel-
lowstone River and significant flow toward the Powder
and Tongue Rivers

The primary source of recharge to the shallow
ground-water system 1s infiltration of rainfall and snow-
melt on the outcrops Part of the recharge 1s derived from
seepage from intermittent and ephemeral streams during
times of runoff, and part from deep percolation of apphed
irrigation water and ditch losses that primanly recharge
the alluvium Some water 1s added to the system by sub-
surface inflow from outside the area

The primary mode of discharge from the shallow
ground-water system 1s through perenmal streams and riv-
ers Lesser amounts of water are discharged through
evapotranspiration, wells, springs and seeps, and subsur-
face outflow from the area

The chemical quality of shallow ground water 1n
the northern Powder River Basin ranges widely Most
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shallow ground water in the study area does not meet
recommended standards for public dnnking water estab-
lished by the U S Environmental Protection Agency Be-
cause of large sodium, sulfate, or dissolved-sohds concen-
trations, most water 1s unsuitable for irngation Water
from depths less than 200 feet contained an average dis-
solved-solids concentration of 2,100 mg/L, with sodium,
magnesium, calcium, sulfate, and bicarbonate being the
primary 1ons Water from depths between 200 and 1,200
feet was dominated by sodium and bicarbonate and had
an average dissolved-solids concentration of 1,400 mg/L
Many ground waters sampled contained a sufficient con-
centration of hydrogen sulfide to impart a definite odor
The probable source of the hydrogen sulfide 1s bactenally
promoted sulfate reduction

The effects of mining on water levels and flow pat-
terns will be dependent on the location of the mine cut
in relation to the potentiometric surface, water-yielding
maternials, and confining zones The hydrologic effects of
mining also will be restricted by hmited areal and vertical
extent of overburden aquifers, fracture patterns 1n the coal
aquifers, and faulting The effects of mining on potential
productivity of wells are related directly to the change
n water level at a well site

Upon completion of mining, the ground-water sys-
tem will begin reestablishment of equilibrium flow condi-
tions Water levels will nise until premining water levels
surrounding the former mine site are approximated
Water-level configuration and flow patterns within the
spoils will be modified owing to the altered lithologic dis-
tribution As water levels nise, well yields affected by
water-level declines will increase toward premining rates

Replacement of overburden material will result in
the exposure of fresh mineral surfaces and provide the
opportumty for renewed chemical reactions Sulfate-re-
ducing bactena have been reported to re-establish them-
selves 1n spoils aquifers

Mathematical models were used to 1llustrate the ef-
fects of mining on water levels and flow patterns that
may result from varying hydrauhic properties that are typi-
cal of rocks in the northern Powder River Basin The
results of these models, which were designed to depict
maximum-drawdown situations, indicate that after 20
years of continuous dewatering of an aquifer 10 feet thick
with an 1mtial hydraulic head 10 feet above the aquifer,
water-level declines greater than 1 foot generally would
be hmited to within about 7 5 miles of the center of the
mine excavation, declines greater than 2 feet to within
about 6 miles, declines greater than 5 feet to within about
3 7 mles, declines greater than 10 feet to within about
1 7 mules, and declines greater than 15 feet to within 12
miles

Cooperative and individual studies of effects of
existing mines on the availability and quality of ground
water by the U S Geological Survey and the Montana

30 Effects of Coal Mining in the Powder River Basin, Montana

Bureau of Mines and Geology have indicated that the vol-
ume of ground-water inflow to mine pits probably will
be small, mine effluents have not created serious water-
quality problems, water-level declines can be significant
locally during mining but water levels will recover to ap-
proximate premining positions after mining ceases, mine
spoils generally transmit water at rates equal to or better
than the undisturbed aquifers, mineralization of ground
water due to miming occurs only locally, and deeper aqui-
fers are available to replace water supplies that are perma-
nently lost due to mining

SELECTED REFERENCES

Anderson, K E, 1973, Water well handbook, 3rd edition
Rolla, Missourt Water Well and Pump Contractors Associa-
tion, Inc , 281 p

Aventt, Paul, 1966, Coal deposits of eastern Montana, tn Pro-
ceedings of the first Montana coal resources symposium
Montana Bureau of Mines and Geology Special Publication
36, p 69-80

Baker, A A, 1929, The northward extension of the Shendan
coal field, Big Horn and Rosebud Counties, Montana U S
Geological Survey Bulletin 806-B, p 15-67

Balster, C A, 1973, Structure contour map, Upper Cretaceous,
southeastern Montana Montana Bureau of Mines and Geol-
ogy Special Publication 60, map

Bass, N W, 1932, The Ashland coal field, Rosebud, Powder
River, and Custer Counties, Montana U S Geological Sur-
vey Bulletin 831-B, p 19-105

Beikman, H M, 1962, Geology of the Powder River Basin,
Wyoming and Montana with reference to subsurface dis-
posal of raditoactive wastes U S Geological Survey Trace
Elements Investigation Report TEI-823, 85 p

Billings Geological Society and Wyoming Geological Associa-
tion, 1963, Northern Powder River Basin, Wyoming and
Montana, Guidebook 1st Joint Field Conference August 8—
10, 1963 204 p

Blaney, H F, and Cniddle, W D, 1950, Determining water
requirements 1n 1mgated areas from climatological and 1m-
gation data U S Department of Agniculture, Soil Conserva-
tion Service Technical Paper 96, 48 p

Brown, Andrew, Culbertson, W D , Dunham, R J , Kepferle,
R C, and May, P R, 1954, Stnppable coal in Custer
and Powder River Counties, Montana U S Geological Sur-
vey Bulletin 995-E, p 151-199

Brown, R W, 1952, Tertiary strata in eastern Montana and
western North and South Dakota, :n Billings Geological So-
citety 3rd Annual Field Conference, Black Hills-Williston
Basin, 1952 p 89-92

1958, Fort Union Formation in the Powder River Basin,
Wyoming, :n Wyoming Geological Association Guidebook
13th Annual Field Conference, Powder River Basin, 1958
p 111-113

Bryson, R P, 1952, The Coalwood coal field, Powder River
County, Montana U S Geological Survey Bulletin 973-B,
p 23-106




Bryson, R P, and Bass, N W, 1973 [1974], Geology of
Moorhead coal field, Powder River, Big Homn, and Rosebud
Counties, Montana U S Geological Survey Bulletin 1338,
116 p .

Calvert, W R, Bowen, C F, Herald, F A, Hance, J] H,
Stebinger, Eugene, and Beekly, A L, 1912, Ligmte in
Montana U S Geological Survey Bulletin 471-D, 176 p

Collier, A J, and Smuth, C D, 1909, The Miles City coal
field, Montana, in Coal fields of North Dakota and Mon-
tana U S Geological Survey Bulletin 341-A, p 36-61

Combo, J] X, Brown, D M, Pulver, H F, and Taylor, D
A, 1949, Coal resources of Montana U S Geological Sur-
vey Circular 53, 28 p

Croft, M G, and Wesolowski, E A, 1970, Transmissivity
and storage coefficient of aquifers in the Fox Hills Sand-
stone and the Hell Creek Formation, Mercer and Oliver
Counties, North Dakota, in Geological Survey Research,
1970 U S Geological Survey Professional Paper 700-B,
p B190-B195

Cruff, R W, and Thompson, T H, 1966, A comparison of
methods of estimating potential evapotranspiration from
chmatological data in and and subhumid environments
U S Geological Survey Water-Supply Paper 1839-M, 28
p

Culbertson, W C , Kent, B H, and Mapel, W J, 1979, Pre-
hminary diagrams showing correlation of coal beds across
the northern Powder River Basin, northeastern Wyoming
and southeastern Montana U S Geological Survey Open-
File Report 79-1201, 12 p

Dobbin, C E, 1930, The Forsyth coal field, Rosebud, Trea-
sure, and Big Horn Counties, Montana U S Geological
Survey Bulletin 812-A, p 1-55

Dobbin, C E, and Erdmann, C E , 1955, Structure contour
map of the Montana Plains U S Geological Survey Oil
and Gas Investigation Map OM-178-B

Dobbin, C E, and Reeside, J B, Jr, 1930, The contact of
the Fox Hills and Lance Formations U S Geological Sur-
vey Professional Paper 158-B, p 9-25

Dockins, W S, Olson, G J, McFeters, G A, Turbak, S
C, and Lee, R W, 1980, Sulfate reduction in ground
water of southeastern Montana U S Geological Survey
Water-Resources Investigations 80-9, 13 p

Druse, S A, Dodge, K A, and Hotchkiss, W R, 1981,
Base flow and chemical quality of streams in the northern
Great Plains area, Montana and Wyoming, 1977-78 U S
Geological Survey Water-Resources Investigations Open-
File Report 81-692, 60 p

Dunlap, C M, 1958, The Lews, Fox Hills, and Lance Forma-
tions of Upper Cretaceous age in the Powder River Basin,
Wyoming, in Wyoming Geological Association Guidebook
13th Annual Field Conference, Powder River Basin, 1958
p 109-110

Feder, G L, Lee, R W, Busby, J F, and Saindon, L G,
1977, Geochemustry of ground waters in the Powder River
coal region, :n Fourth Annual Progress Report on Geochem-
ical Survey of the Western Energy Regions U S Geological
Survey Open-File Report 77-872, p 173-179

Fenneman, N M, 1931, Physiography of western Umted
States New York, McGraw-Hill, 534 p

Ferreira, R F , 1981, Mean annual streamflow of selected drain-
age basins n the coal area of southeastern Montana U S
Geological Survey Water-Resources Investigations 81-61,
2l p

Fermis, J G, Knowles, D B, Brown, R H, and Stallman,
R W, 1962, Theory of aquifer tests U S Geological Sur-
vey Water-Supply Paper 1536-E, 174 p

Gill, J R, and Cobban, W A, 1973, Stratigraphy and
geologic history of the Montana Group and equivalent
rocks, Montana, Wyoming, and North and South Dakota
U S Geological Survey Professional Paper 776, 37 p

Gilmour, E H, and Dahl, G G, Jr, 1966, Index map and
bibliography of coal studies in Montana Montana Bureau
of Mines and Geology Special Publication 39, map

Gilmour, E H, and Wilhams, L A, 1969, Geology and coal
resources of the Foster Creek coal deposit, eastern Montana
Montana Bureau of Mines and Geology Bulletin 73, 9 p

Glaze, R E, and Keller, E R, cochairmen, 1965, Geologic
history of Powder River Basin American Association of Pe-
troleum Geologists Bulletin, v 49, no 11, p 1893-1907

Groff, S L, 1958, A summary report on the ground-water situ-
ation 1n Montana Montana Bureau of Mines and Geology
Information Circular 26, 45 p

Hem, J D, 1959, Study and interpretation of the chemical
characteristics of natural water U S Geological Survey
Water-Supply Paper 1473, 269 p

Hodson, W G, Pearl, R H, and Druse, S A, 1973, Water
resources of the Powder River Basin and adjacent areas,
northeastern Wyoming U S Geological Survey Hydrologic
Investigation Atlas HA—46S, 4 sheets

Hopkins, W B, 1973, Water resources of the Northern
Cheyenne Indian Reservation and adjacent area, southeast-
ern Montana U S Geological Survey Hydrologic Investiga-
tions Atlas HA—468, 2 sheets

1976, Water-resources data for deep aquifers of eastern
Montana U S Geological Survey Water-Resources Investi-
gations 7640, 37 p

Hutchinson, C B, Johnson, D M , and Gerhart, ] M, 1981,
Hydrogeology of well-field areas near Tampa, Flonda,
Phase 1—Development and documentation of a two-dimen-
sional fimte-difference model for simulation of steady-state
ground-water flow U S Geological Survey Open-File Re-
port 81-630, 129 p

Jacob, C E, 1940, On the flow of water 1n an elastic artesian
aquifer Amencan Geophysical Umon Transactions, v 21,
pt 2,p 574-586

1963, The recovery method for determining the coeffi-
cient of transmussibility, 1n Ray Bentall, compiler, Methods
of determiming permeability, transmussibihty, and draw-
down U S Geological Survey Water-Supply Paper 1536-1,
p 283-292

Jacob, C E, and Lohman, S W, 1952, Nonsteady flow to
a well of constant drawdown 1n an extensive aquifer Amen-
can Geophysical Union Transactions, v 33, no 4, p 559-
569

Keefer, W R, and Schmudt, P W, 1973, Energy resources
map of the Powder River Basin, Wyoming and Montana
US Geological Survey Miscellaneous Geologic Investiga-
tions Map [-874-A, 1 sheet

Selected References 31



Kepferle, R C, 1954, Selected deposits of strippable coal in
central Rosebud County, Montana U S Geological Survey
Bulletin 995-1, p 333-381

Knapton, J R, and Ferreira, R F, 1980, Statistical analyses
of surface-water-quality vanables in the coal area of south-
eastern Montana U S Geological Survey Water-Resources
Investigations 8040, 128 p

Knapton, ] R, and McKmley, P W, 1977, Water quality
of selected streams 1n the coal area of southeastern Montana
U S Geological Survey Water-Resources Investigations 77—
80, 145 p

Law, B E, Barnum, B E, and Wollenzien, T P, 1979,
Coal bed correlations 1n the Tongue River Member of the
Fort Union Formation, Monarch, Wyoming, and Decker,
Montana, areas U S Geological Survey Miscellaneous In-
vestigations Map 1-1128, 1 sheet

Law, B E, and Grazis, S L, 1972, Prehminary geologic map
and coal resources of the Decker quadrangle, Big Horn
County, Montana U S Geological Survey open-file report,
3 sheets

Lee, R W, 1979, Ground-water-quality data from the northern
Powder River Basin, southeastern Montana U S Geological
Survey Open-File Report 79-1331, 55 p

1981, Geochemustry of water 1n the Fort Union Forma-
tion of the northern Powder River Basin, southeastern Mon-
tana U S Geological Survey Water-Supply Paper 2076, 17
P

Lee, R W, Slagle, S E , and Stimson, J R, 1981, Magnitude
and chemical quality of base flow of Otter Creek, Tongue
River, and Rosebud Creek, southeastern Montana, October
26-November 5, 1977 U S Geological Survey Water-Re-
sources Investigations Open-File Report 80-1298, 25 p

Lewis, B D, and Hotchkiss, W R, 1981, Thickness, percent
sand, and configuration of shallow hydrogeologic units 1n
the Powder River Basin, Montana and Wyoming U S
Geological Survey Miscellaneous Investigations Map I-
1317, 6 sheets

Lewss, B D, and Roberts, R S, 1978, Geology and water-
yielding characteristics of rocks of the northern Powder
River Basin, southeastern Montana U S Geological Survey
Miscellaneous Investigations Map [-847-D, 2 sheets

Lohman, S W, 1979, Ground-water hydraulics [3rd ed] U S
Geological Survey Professional Paper 708, 70 p

Lohman, S W, and others, 1972, Definitions of selected
ground-water terms—Revisions and conceptual refinements
U S Geological Survey Water-Supply Paper 1988, 21 p

Lowry, M E, and Cummings, I R, 1966, Ground-water re-
sources of Sheridan County, Wyoming U S Geological
Survey Water-Supply Paper 1807, 77 p

Malde, H E , and Boyles, ] M, 1976, Maps of alluvial valley
floors and strippable coal 1n forty-two 7 2-minute quadrang-
les, Big Horn, Rosebud, and Powder River Counties, south-
east Montana U S Geological Survey Open-File Report
76-162

Mapel, W J, 1958, Coal 1n the Powder River Basin, in Wyom-
ing Geological Association Guidebook 13th Annual Field
Conference, Powder River Basin, 1958 p 219-224

1976, Geologic map and coal sections of the Biney

quadrangle, Rosebud County, Montana U S Geological

Survey Miscellaneous Field Studies Map MF-813, 2 sheets

32 Effects of Coal Mining in the Powder River Basin, Montana

Matson, R E , 1969, The stnppable coal fields in eastern Mon-
tana, in Montana Geological Society, Eastern Montana
Symposium, Billings, 1969 p 219-225

1971, Strippable coal 1in the Moorhead coal field, Mon-
tana Montana Bureau of Mines and Geology Bulletin 83,
18 p

Matson, R E , and Blumer, J W, 1973, Quality and reserves
of strippable coal, selected deposits, southeastern Montana
Montana Bureau of Mines and Geology Bulletin 91, 135

p

Matson, R E, Dahl, G G, Jr, and Blumer, J W, 1968,
Strippable coal deposits on state land, Powder River
County, Montana Montana Bureau of Mines and Geology
Bulletin 69, 81 p

McKee, ] E, and Wolf, H W, 1971, Water quality cntena
[2d ed] Califorma State Water Quality Control Board Pubhi-
cation 3-A, 548 p

Miller, M R, 1969, Water resources of eastern Montana, in
Montana Geological Society, Eastern Montana Symposium,
Billings, 1969 p 237-243

Miller, W R, 1979, Water resources of the central Powder
River area of southeastern Montana Montana Bureau of
Mines and Geology Bulletin 108, 65 p

1981, Water resources of the southern Powder River
area, southeastern Montana Montana Bureau of Mines and
Geology Memorr 47, 53 p

Montana Bureau of Mines and Geology and U S Geological
Survey, 1978, Ground water of the Fort Union Coal Region,
eastern Montana Montana Bureau of Mines and Geology
Special Publication 80, 47 p

Montana Water Resources Board, 1969, Groundwater in Mon-
tana Montana Water Resources Board Inventory Senes Re-
port no 16, 145 p

Moran, S R, Cherry, ] A, Fntz, Peter, Peterson, W M,
Sommerville, M H, Stancel, S A, and Ulmer, J] H,
1978, Geology, groundwater hydrology, and hydro-
geochemistry of a proposed surface mine and lhignite gasifi-
cation plant site near Dunn Center, North Dakota North
Dakota Geological Survey Report of Investigation 61, 263
p

Moran, S R, Groenewold, G H, and Cherry, J A, 1978,
Geologic, hydrologic, and geochemical concepts and tech-
niques 1n overburden characterization for mined land recla-
mation North Dakota Geological Survey Report of Investi-
gation 63, 152 p

Moulder, E A, Klug, M F, Morms, D A, and Swenson,
F A, 1960, Geology and ground-water resources of the
lower Little Bighorn River valley, Big Horn County, Mon-
tana, with special reference to the dramnage of waterlogged
lands, with a section on Chemical quality of the water, by
R A Krneger US Geological Survey Water-Supply Paper
1487,223 p

National Water Well Association, 1977, Water conservation 1n
your home Worthington, Ohio, 16 p

Northern Great Plains Resources Program, Water Work Group-
Ground Water Subgroup, 1974, Shallow ground water in
selected areas in the Fort Union coal region U S Geologi-
cal Survey Open-File Report 74-371, 132 p



Omang, R J, Parrett, Charles, and Hull, ] A, 1981, Annual
peak discharges from small drainage areas in Montana
through September 1980 U S Geological Survey Open-File
Report 81-332, 114 p

Parker, F S, and Andrews, D A, 1939 [1940], The Mizpah
coal field, Custer County, Montana U S Geological Survey
Bulletin 906-C, p 85-133

Perry, E S, 1931, Ground water 1n eastern and central Mon-
tana Montana Bureau of Mines and Geology Memorandum
2,59p

1935, Geology and ground-water resources of southeast-
ern Montana Montana Bureau of Mines and Geology
Memorandum 14, 67 p

Pierce, W G, 1936, The Rosebud coal field, Rosebud and
Custer Counties, Montana U S Geological Survey Bulletin
847-B, p 43-120

Piper, A M, 1944, A graphic procedure n the geochemical
interpretation of water analyses Amencan Geophysical
Umon Transactions, v 25, p 914-923

Power, J F, Bond, ] J, Sandoval, F M, and Wilhs, W
O, 1974, Nitnfication 1n Paleocene shale Science, v 183,
March, p 1077-1078

Rahn, P H , 1976, Potential of coal strip-mine spoils as aquifers
in the Powder River Basin Old West Regional Commission
completion report, Project 10470025, 108 p

Remck, B C, 1929, Geology and ground-water resources of
central and southern Rosebud County, Montana, with chem-
1cal analyses of the waters by H B Riffenburg U S
Geological Survey Water-Supply Paper 600, 140 p

Rogers, G S, 1913, The Little Sheep Mountain coal field,
Dawson, Custer, and Rosebud Counties, Montana U S
Geological Survey Bulletin 531-F, p 159-227

Rogers, G S, and Lee, Wallace, 1923, Geology of the Tullock
Creek coal field, Rosebud and Big Horn Counties, Montana
U S Geological Survey Bulletin 749, 181 p

Slagle, S E, and Stimson, J R, 1979, Hydrogeologic data
from the northern Powder River Basin, southeastern Mon-
tana U S Geological Survey Water-Resources Investiga-
tions Open-File Report 79-1332, 111 p

South Dakota State College Agriculture Experiment Station,
1959, Salimty and livestock water quality Bulletin 481, 12
p

Stoner, ] D, 1981, Honizontal anisotropy determined by pump-
ing m two Powder River Basin coal aquifers, Montana
Ground Water, v 19, no 1, Jan —Feb , p 3440

Stoner, ] D, and Lewis, B D, 1980, Hydrogeology of the
Fort Umon coal region, eastern Montana U S Geological
Survey Miscellaneous Investigations Map 1-1236, 2 sheets

Swenson, H A, 1953, Geochemical relationships of water 1n
the Powder River Basin, Wyoming and Montana Amencan
Geophysical Union Transactions, v 34, no 3, p 443448

Taylor, O J, 1968, Ground-water resources of the northern
Powder River valley, southeastern Montana Montana Bu-
reau of Mines and Geology Bulletin 66, 34 p

Theis, C V, 1935, Relation between the lowering of the
piezometric surface and the rate and duration of discharge
of a well using ground-water storage American Geophysical
Union Transactions, pt 2, p 519-524

Theis, C V, Brown, R H, and Meyer, R R, 1963, Estimat-
ing the transmissibility of aquifers from the specific capacity
of wells, in Methods of determining permeabihity, transmis-
sibility, and drawdown, compiled by Ray Bentall U S
Geological Survey Water-Supply Paper 1536-1, p 331-341

Thom, W T, Jr, Hall, G M, Wegemann, C H , and Moul-
ton, G F, 1935, Geology of Big Hormn County and the
Crow Indian Reservation, Montana, with special reference
to the water, coal, o1l, and gas resources U S Geological
Survey Bulletin 856, 200 p

Todd, D K, 1959, Ground-water hydrology New York, John
Wiley and Sons, 336 p

Torrey, A E, and Swenson, F A, 1951, Ground-water re-
sources of the lower Yellowstone River valley between
Miles City and Glendive, Montana, with a section on The
chemical quality of the water, by H A Swenson U S
Geological Survey Circular 93, 72 p

Trescott, P C , Pinder, G F, and Larson, S P, 1976, Finite-
difference model for aquifer simulation in two dimensions
with results of numerical expenments U S Geological Sur-
vey Techmques of Water-Resources Investigations, Book 7,
Chapter Cl, 116 p

U S Bureau of Land Management, 1975, Resource and poten-
tial reclamation evaluation of Otter Creek study site, Otter
Creek coal field, Montana EMRIA report No 1, 200 p

1977a, Resource and potential reclamation evaluation of

Bear Creek study area, West Moorhead coal field, Montana

EMRIA report No 8, 148 p

1977b [1978], Resource and potential reclamation evalua-
tion of Hanging Woman Creek study area EMRIA report
no 12,309 p

U S Department of Commerce, 1ssued monthly, Climatological
data for Montana

U S Environmental Protection Agency, 1977, National intennm
prnimary dnnking water regulations Environmental Protec-
tion Agency, Office of Water Supply, EPA-570/9-76-003,
159 p

1979, National secondary dninking water regulations
Federal Register, v 44, no 140, July 19, p 42195-42202

U S Geological Survey, 1965 (and annually thereafter), Water
resources data for Montana Helena, Mont, Water Re-
sources Division

1974, Stripping coal deposits of the northern Great

Plains, Montana, Wyoming, North Dakota, and South

Dakota U S Geological Survey Miscellaneous Field

Studies Map MF-590, 1 sheet

U S Geological Survey and Amencan Association of Petroleum
Geologists, 1962, Tectonic map of the United States

U S Salmty Laboratory Staff, 1954, Diagnosis and improve-
ment of saline and alkali soils U S Department of Agncul-
ture Handbook 60, 160 p

Van Voast, W A, 1974, Hydrologic effects of strip coal min-
ing nsoutheastern Montana—Emphasis One year of mining
near Decker Montana Bureau of Mines and Geology Bulle-
tin 93,24 p

Van Voast, W A, and Hedges, R B, 1974, Hydrology of
the area of Westmoreland Resources Tract 3 coal reserves
near Sarpy Creek, southeastern Montana Montana Bureau
of Mines and Geology Open-File Report 54, 50 p

Selected References 33



1975, Hydrogeologic aspects of existing and proposed
strip coal mines near Decker, southeastern Montana Mon-
tana Bureau of Mines and Geology Bulletin 97, 31 p

Van Voast, W A , Hedges, R B, and McDermott, J J , 1977,
Hydrogeologic conditions and projections related to mining
near Colstrip, southeastern Montana Montana Bureau of
Mines and Geology Bulletin 102, 43 p

1978, Stnp coal mining and mined-land reclamation 1n

the hydrologic system, southeastern Montana Old West Re-

gronal Commission completion report, Project 10570165,

121 p

34 Effects of Coal Mining in the Powder River Basin, Montana

Warren, W C, 1959 [1960], Reconnaissance geology of the
Birney-Broadus coal field, Rosebud and Powder River
Counties, Montana U S Geological Survey Bulletin 1072
J,p 561-585

Weeks, ] B, Leavesley, G H, Welder, F A, and Saulnier,
G 1, Jr, 1974, Simulated effects of oil-shale development
on the hydrology of Piceance basin, Colorado U S Geolog-
1cal Survey Professional Paper 908, 84 p

Wegemann, C H, 1910, Notes on the coals of the Custer Na-
tional Forest, Montana, in Contributions to economic geol-
ogy, 1908, Part II, Mineral fuels U S Geological Survey
Bulletin 381-A, p 108-114

¥ US GOVERNMENT PRINTING OFFICE 1985—576-049/20,007 REGION NO 8



Slagle and others—EFFECTS OF SURFACE COAL MINING IN THE POWDER RIVER BASIN, MONTANA—U.S. Geological Survey Water-Supply Paper 2239



