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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. Lew1s, and Roger W. Lee 

ABSTRACT 

The shallow ground-water system m the northern 
Powder R1ver Basm cons1sts of Upper Cretaceous to Hol­
ocene aqu1fers overlymg the Bearpaw Shale-namely, 
the lox H1lls Sandstone, Hell Creek, Fort Un~on, and 
Wasatch Formations, terrace depos1ts, and alluv1um 
Ground-water flow above the Bearpaw Shale can be di­
VIded mto two general flow patterns An upper flow pat­
tern occurs m aqu1fers at depths of less than about 200 
feet and occurs pnmanly as localized flow controlled by 
the surface topography A lower flow pattern occurs m 
aqu1fers at depths from about 200 to 1 ,200 feet and 
exh1b1ts a more reg1onal flow, wh1ch 1s generally north­
ward toward the Yellowstone R1ver w1th s1gn1f1cant flow 
toward the Powder and Tongue R1vers 

The chem1cal quality of water m the shallow 
ground-water system m the study area vanes w1dely, and 
most of the ground water does not meet standards for 
d1ssolved constituents m public dnnkmg water estab­
lished by the U S Environmental Protection Agency 
Water from depths less than 200 feet generally 1s a sodi­
um sulfate type havmg an average d1ssolved-sollds con­
centration of 2,100 m1lllgrams per liter SodiUm bicarbo­
nate water havmg an average d1ssolved-sollds concentra­
tion of 1,400 m1lllgrams per liter 1s typ1cal from aqu1fers 
m the shallow ground-water system at depths between 
200 and 1 ,200 feet. 

Effects of surface coal mmmg on the water re­
sources m the northern Powder R1ver Basm are depen­
dent on the strat1graph1c locat1on of the mme cut Where 
the cut lies above the water-y1eldmg zone, the effects 
w1ll be m1n1mal Where the mme cut mtersects a water­
y1eldmg zone, effects on water levels and flow patterns 
can be s1gn1f1cant locally, but water levels and flow pat­
terns will return to approx1mate premmmg cond1t1ons 
after mmmg ceases Ground water m and near act1ve and 
former mmes may become more mmerallzed, owmg to 
the placement of sp01l matenal from the reducmg zone 
m the unsaturated zone where the mmerals are subJect 
to ox1dat1on Reg1onal effects probably w1ll be small be­
cause of the llm1ted areal extent of ground-water flow 
systems where mmmg 1s feas1ble 

Results of d1g1tal models are presented to Illustrate 
the effects of varymg hydraulic propert1es on water-level 
changes resultmg from mme dewatenng The model 

s1mulat1ons were des1gned to dep1ct maximum-draw­
down s1tuat1ons One s1mulat1on md1cates that after 20 
years of contmuous dewatenng of an mfm1te, homogen­
eous, ISOtropiC aqUifer that IS 10 feet thiCk and has an 
1n1t1al potent1ometnc surface 10 feet above the top of 
the aqu1fer, water-level declmes greater than 1 foot 
would generally be llm1ted to w1thm 7 5 miles of the cen­
ter of the mme excavation, declmes greater than 2 feet 
to w1thm about 6 m1les, declmes greater than 5 feet to 
w1thm about 3 7 miles, declmes greater than 10 feet to 
w1thm about 1 7 miles, and declmes greater than 15 feet 
to w1thm 1 2 m1les 

INTRODUCTION 

Vast supplies of low-sulfur coal occur as numerous 
and widespread hgmte and subbitummous deposits m the 
northern Powder River Basm of southeastern Montana 
Individual coal beds that occur pnncipally withm the Fort 
Umon Formation commonly are 2~30 feet thick, but may 
be as much as 80 feet thick Thus, the area IS attractive 
as a maJor source of supply for future energy needs 

The mcrease of coal development m the past few 
years has fostered concern about Its effects on the water 
resources The coal beds and discontmuous sandstone con­
tamed m the Fort Umon FormatiOn are Important as aqUI­
fers, supplymg water to numerous domesttc and stock 
wells and spnngs Surface mmmg of certam coal beds 
not only wtll remove part of the aqmfer, but also may 
cause temporary dewatenng of parts of the coal and over­
lymg beds and may change the quahty of the ground water 
m the vtctmty of the mme stte 

Purpose and Scope 

In anttctpatiOn of widespread development of the 
coal resources m the northern Powder Rtver Basm, the 
U S Geologtcal Survey, m cooperation with the Montana 
Bureau of Mmes and Geology and the U S Bureau of 
Land Management, m July 1974 began an mvesttgatiOn 
of the water resources and the posstble hydrologtc effects 
of development To assess the effects of development, 
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the extstmg, essentially premmmg, hydrologtc conditions 
needed to be documented 

The ftrst obJective of the mvestigatiOn was to pro­
vtde baseline data for determmmg the effects of future 
coal development on the water resources of the basm 
To meet thts obJective, an extenstve data-collection pro­
gram was begun Data collected and comptled for about 
2,000 wells m the area mcluded well depth, water levels, 
well dtscharge, water use, lithologtc logs, and water qual­
tty The results of the data-collectiOn phase of the proJect 
are gtven m reports by Slagle and Sttmson (1979) for 
well data and by Lee ( 1979) for water-quality data 

The purpose of thts report ts to descnbe the extstmg 
hydrologtc conditions of the shallow ground-water system 
above the Bearpaw Shale, and to assess the potential ef­
fects of future mmmg operations on the shallow ground­
water system Because of the large extent of the study 
area and the scarctty of hydrologtc data, espectally for 
aqmfers at great depths, geologtc concepts have been used 
to extend ground-water data m space Surface geology 
was revtewed and, where necessary, remapped Subsur­
face geology was mapped by exammat10n of about 650 
geophystcal logs of ml and gas wells and test holes Verti­
cally, thts study constders all geologtc umts above the 
Bearpaw Shale and mcludes all coal reserves that could 
be mmed by surface methods Results of the geologtc m­
vesttgatiOns of aqmfers are published m reports by Lewts 
and Roberts (1978) and Lewts and Hotchktss (1981) Re­
sults of water-quality studtes of the shallow aqutfers, m­
cludmg descopt10n of the geochemical systems and 
geochemtcal and btologtcal processes, are con tamed m re­
ports of Lee ( 1981) and Dockms and others ( 1980) 

Knapton and McKmley (1977), Knapton and Fer­
reira ( 1980), and Ferretra ( 1981) descnbe the surface­
water resources of the area Information on surface water­
ground water mteract10n ts contamed m reports by Druse 
and others ( 1981) and Lee and others ( 1981) AdditiOnal 
data on surface-water quantity and quality are published 
m U S Geologtcal Survey Water-Supply Papers and m 
an annual seoes, Water Resources Data for Montana 

Location and Extent of Area 

The area of study for thts report composes about 
10,000 mt2 m southeastern Montana The study area ts, 
m general, bounded on the north by the Yellowstone 
Rtver, on the east by the Powder and Ltttle Powder Rtv­
ers, on the south by the Montana-Wyommg State lme, 
and on the west by the Btghom and Ltttle Btghom Rtvers 
(ftg I) These borders encompass the Montana part of 
the Powder Rtver Basm 

Physiography 

The land surface m the study area typtcally ts rol­
ling uplands dtssected by steep-walled valleys Reststant 
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sandstone or clinker caps rugged odges, mesas, or buttes 
m many areas Locally, badlands have developed m eastly 
eroded shales MaJor streams m the area flow on alluvtal 
flood plams that typtcally are bordered by remnants of 
alluvtal terraces and steep valley walls 

Altttudes range from about 4,800 feet m the Wolf 
Mountams and Ltttle Wolf Mountams m the southwestern 
and western parts of the area to about 2,200 feet where 
the Powder Rtver JOinS the Yellowstone Rtver near Terry, 
Montana Local relief from htlltops to adJacent valley 
floors commonly ts 100 to 500 feet 

Climate 

The semtand climate of southeastern Montana ts 
characteozed by cold dry wmters, cool mmst spongs, and 
hot dry summers W mter cold waves often are broken 
by extended mtervals of warm weather Summers are 
dommated by hot sunny days and cool mghts Average 
annual temperatures, based on the penod of record 1941-
70, range from 44 7°F at Broadus, Montana, to 45 9°F 
at Colstnp accordmg to NatiOnal Weather Servtce records 
(US Department of Commerce, tssued monthly) January 
normally ts the coldest month Average January tempera­
tures range from 15 4°F at Mtles Ctty to 21 0°F at Col­
stop The warmest temperatures generally occur m July 
July average temperatures range from 71 2°F at Broadus 
to 74 4°F at Mtles Ctty Several days of maxtmum tem­
peratures m excess of 1 00°F are not uncommon 

National Weather Servtce records for 1941-70 show 
that average annual prectpttatiOn ranges from 13 93 mches 
at Mtles Ctty to 16 23 mches at Lame Deer Most prectpt­
tatton occurs dunng late spnng and early summer 

Industry 

Other than farmmg, ranchmg, and related servtces, 
coal mmmg and coal-fired electoc power generation are 
the maJor mdustnes m the northern Powder Rtver Basm 
of Montana Some ml and gas also are produced m the 
area 

About 30 mtllion tons of coal per year were produc­
ed commercially m 1980 from five mmes wtthm the study 
area (Wtlliam R Cox, Montana Department of Labor, 
wntten commun , 1981) Producmg mmes m the Montana 
part of the Powder Rtver Basm m 1981 are ( 1) Coal Creek 
Mme, near Ashland, (2) West Decker Mme, near Decker, 
(3) Rosebud Mme, near Colstnp, (4) Btg Sky Mme, near 
Colstop, and (5) Absaloka Mme, about 25 mtles west 
of Colstnp Two mmes, Ash Creek and Btg Hom, are 
producmg commercial quantities of coal m Wyommg 
about 10 mtles southwest of Decker ApplicatiOns have 
been submttted to the Montana Department of State Lands 
for two addttional mmes near Decker and Colstnp Sev­
eral other mmes have been proposed for the study area, 
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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 
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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 mmmg have been studied by Van 
Yoast (1974), Van Yoast and Hedges (1974, 1975), and 
Van Yoast and others ( 1977, 1978) 
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GEOLOGY 

Stratigraphy 

Sedimentary geologic umts rangmg m age from Late 
Cretaceous to Holocene compose the shallow ground­
water system m the northern Powder River Basm (pl 1) 
The geologic umts consist of marme deposits of the Upper 
Cretaceous Fox Hills Sandstone and contmental 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 m the eastern part 
of the study area to a sequence of silty sandstone, silt­
stone, and thm mterbeds of shale m the western part 
This umt IS laterally persistent and has a thickness that 
generally ranges from 600 to 800 feet, except m areas 
of outcrop where It has been thmned by erosiOn 

The Upper Cretaceous Fox Hills Sandstone IS recog­
mzed m the subsurface, where tt ts present, by the use 
of geophysical logs These logs also mdicate that the for­
matiOn m most of the basm ts separable mto upper and 
lower predommantly sandstone umts with an mtermediate 
thm shale bed as noted by Gill and Cobban ( 1973) 

The Upper Cretaceous Hell Creek FormatiOn con­
sists of mterbedded shale, siltstone, and channel sandstone 
m the lower part to a locally massive shale With lenticular 
sandstone and mterbedded claystone, thm coal beds, and 
stlty sandstone m the upper part In most of the study 
area, the formation can be separated m the subsurface 
mto an upper and a lower umt 

The Paleocene Fort Umon FormatiOn Is composed 
of the Tullock, Lebo Shale, and Tongue River Members 
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m ascendmg order Interbedded shale, siltstone, sand­
stone, and thm coal beds of the Tullock Member grade 
upward mto silty or sandy shale and locally sandstone 
The Lebo Shale Member Is composed of predommantly 
dark shale wtth mterbedded carbonaceous shale, siltstone, 
and locally thm coal beds The Tongue River Member 
IS alternatmg sandstone, siltstone, carbonaceous shale, and 
thick and extensive coal beds 

The Eocene Wasatch Formation consists of lenticu­
lar sandstone mterbedded with shale and coal, and Is re­
stncted to the southwestern part of the study area Coal 
beds m this umt are as thick and laterally persistent as 
m the underlymg Tongue Rtver Member of the Fort Umon 
FormatiOn 

Chnker zones crop out along burned coal honzons 
throughout the Tertiary sectiOn Chnker deposits are com­
posed of the restdue from burned coal beds, and baked 
and fused overlymg layers 

Pleistocene terrace deposits and Pleistocene to Holo­
cene alluvmm are the youngest geologic umts m the north­
ern Powder Rtver Basm Terrace deposits are composed 
of mterbedded gravel, sand, stlt, and clay Terraces are 
confined mamly to valley stdes and uplands along the Y el­
lowstone River, with scattered deposits along the Tongue 
and Powder Rtvers (pl 1) The alluvmm IS thickest along 
these same nvers and thetr maJor tnbutanes (Lewis and 
Roberts, 1978) and IS composed of mterbedded clay, stlt, 
sand, and gravel 

Structure 

Many promment structural features occur m and 
near the northern Powder Rtver Basm study area (ftg 2) 
The Miles Ctty arch, located m the northeastern part of 
the study area, IS the maJor positive structural feature 
Other positive features, outside of but contiguous to the 
area, are the Black Htlls uphft, Porcupme dome, and 
Bighorn uphft Negative structural features totally or 
partly wtthm the study area are the Powder Rtver Basm, 
Wtlhston Basm, Ashland synchne, and Tongue Rtver 
synchne 

Structural features associated wtth the study area are 
mdtcated by a map showmg the configuration of the top 
of the Bearpaw Shale (fig 3) The map mdtcates that 
the Btghorn uphft (ftg 2) had a greater deformational 
mfluence on the northern Powder Rtver Basm than any 
of the other surroundmg positive features, as the dtp on 
the surface of the Bearpaw Shale IS greatest on the west­
ern flank of the basm The configuratiOn of the top of 
the Bearpaw shows that the trough of the Tongue Rtver 
synchne Is actually the axtal trace of the asymmetrical 
northern Powder Rtver Basm 

Two maJor faulted areas are adJacent to the study 
area (fig 2) The Vananda fault Is a northeast-trendmg 
normal fault JUSt north of the area The northwest-trendmg 
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IS composed of a senes of en echelon normal faults, each 

Lake Basm fault zone to the west of the study area, which 
onented northeast, bounds the northern extensiOn of the 
Btghorn uphft 

Faults wtthm the study area generally have small 
lateral or vertical displacement, a few feet m most In­

stances, and most are restricted to geologic umts near sur­
face exposures However, a few deep-seated fracture sys­
tems are mdicated by parallel surface traces of faults and 
other lineaments (Lewts and Roberts, 1978) A deep-sea­
ted fault Is mdicated by the offset of the structure contours 
on the top of the Bearpaw Shale m the south-central part 
of the study area (fig 3) 
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M od1f1ed from U S Geolog11:al Survey 
and Amem:an Assocmuon of 
Petroleum Geolog1st 119621 

GROUND-WATER HYDROLOGY 

This mvestigatton mvolved the determmat10n of the 
occurrence and movement of water contamed m shallow 
aqmfers m the northern Powder River Basm The shallow 
aqmfers 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 Rtver Basm near the southwestern 
part of the study area 

Hydrologic charactensttcs of aqutfers were deter­
mmed from records of about 2,000 wells Hydraulic prop­
erties were determmed pnmarily from hthologtc dtstnbu-

Ground-Water Hydrology 5 



System 

Quaternary 

Tertiary 

Table 1. Generalized sect1on of geolog1c umts m the shallow ground-water system 
[Modified from Lew1s and Roberts, 1978] 

Senes 

Holocene 

Pleistocene 

Eocene 

c 
0 

~ 
E 
~ 

Paleocene c 
0 a 

::::> 
t: 
~ 

Geologac unat 

AlluviUm 

Terrace 
deposits 

Wasatch 
FormatiOn 

Tongue 
River 

Member 

Lebo 
Shale 

Member 

Tullock 
Member 

Thackness 
(feet) 

0-100 

0-70 

0-400 

0-2500 

0-800 

0-800 

Lathology 

Interfingenng lenses of clay, silt, sand, and gravel Coarse well­
rounded gravel 10terbedded with finer matenal IS common 
along the Yellowstone River, beds are mostly reworked ter­
race deposits Choker fragments are present 10 the gravel of 
smaller streams Umt 10cludes many low-ly10g terraces adJa­
cent to streams 

Gravel, sand, silt, and clay Well-rounded pebbles and sand­
Sized particles of Igneous, sedimentary, and metamorphic 
rocks are common Deposits are restricted ma10ly to valley 
sides and upland areas along the Yellowstone River, scattered 
deposits are 10 other parts of the study area 

Browmsh-gray to hght-gray fine- to coarse-gramed lenticular 
beds of sandstone and mterbedded gray shale and coal Con­
tams a fossiliferous zone of clams and snails Choker zones 
crop out along coal honzons Base of umt IS the top of the 
Roland coal bed, as defined by Baker ( 1929) Conformable 
contact With underlymg umt 

Light-yellow to hght-gray fine- to medmm-gramed thick-bedded 
to massive locally crossbedded and lenticular, calcareous 
sandstone and siltstone, weathers to a buff color Commonly 
contams hght shaly siltstone and shale, and dark carbonaceous 
shale Contams numerous thick and extensive coal beds as 
much as 80 feet thick Zones of choker and baked shale beds 
crop out along coal honzons Base of umt Is defined as the 
change from predom10antly siltstone and sandstone to shale 
of underly10g umt 

Predommantly dark shale contam10g 10terbeds of hght-gray and 
brown to black carbonaceous shale, siltstone, and locally thm 
coal beds Shales contam altered and devitnfied volcanic ash 
and brown ferrug10ous concretions A change from shale to 
predommantly fine-gramed sandstone and shale marks the 
base of the umt, but locally channel deposits are scoured well 
10to the underly10g Tullock Member 

Light-gray carbonaceous sandy to silty shale, and locally sand­
stone Grades downward to mterbedded medmm-gray to light­
gray shale, fine-gramed hght-gray sandstone and siltstone, and 
thm but persistent coal beds Base of umt IS marked as a 
change from fine-gra10ed thm-bedded sandstone, siltstone, 
shale, and coal beds to locally massive channel sandstone and 
dark-gray shale of the underlymg umt (Brown, 1952, Dunlap, 
1958) 
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Table 1. Generalized sect1on of geolog1c umts 1n the shallow ground-water system-Contmued 
[Modtfied from Lewts and Roberts, 1978] 

System Senes Geolog1c umt Th1ckness 
(feet) 

Hell Creek 
Formation 0-850 

Upper 0-350 
Cretaceous Cretaceous Fox Hills 

Sandstone 

Bearpaw 0-800 
Shale 

t10n m conJunction with hydraulic-conductivity values de­
termmed from aqmfer tests 

Water-Yielding Characteristics 

Bearpaw Confining Layer 

The Bearpaw Shale IS considered m this study to 
compnse 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 contams a few thm sandstone stnngers 
that, where saturated, yield small quantities of water to 
wells These sandstone stnngers generally are tapped by 
wells only m areas where the shale crops out and only 
where the water m these stnngers compnses the first 
available water below land surface Where younger forma­
tions overhe the Bearpaw, dnlhng normally IS termmated 
at or above the top of the formation and the shale IS not 
explored for addittOnal quantities of water 

Lithology 

Interbedded gray to brown siltstone and shale, locally lenticular 
fine- to medtum-gramed sandstone and often massive shale, 
and mterbedded claystone, thm coal beds, silty sandstone and 
bentomtic shale m the upper part, grades downward mto mter-
bedded carbonaceous shale, sandy shale, siltstone, and clays-
tone with local deposits of gray to brown silty to clayey com-
monty crossbedded channel sandstone Lower contact IS gra-
dat10nal to unconformable with the underlymg umt 

Near-shore sand facies that IS the last manne deposit m the area 
Two members of the umt are recogmzed Colgate Member-
very hght gray fine- to medtum-gramed massive sandstone, 
unnamed lower member-gray to browmsh-gray fine-gramed 
thm-bedded sandstone, With mterbedded sandy shale and silt-
stone Lower contact IS gradational 

Gray to black manne commonly massive shaly claystone and 
shale m the eastern part of the area, grades westward mto 
thm-bedded silty sandstone and siltstone and locally thm beds 
of bentomttc shale Top of umt IS the base of the shallow 
ground-water system 

Fox Hills-Lower Hell Creek Aquifer 

The Fox Hills Sandstone, combmed with approxi­
mately the lower one-half of the Hell Creek Formation, 
constitutes the most probable source of large quantities 
of good quahty water from the shallow bedrock aqmfers 
m the basm The two umts are considered as a smgle 
aqmfer because of the similarity of hthology and direct 
hydrauhc connect10n YIelds from mventoned wells com­
pleted m this aqmfer range from 0 5 to 20 gal/mm and 
commonly are about 5 gallmm YIelds of as much as 200 
gal/mm to mdustnal wells have been reported Although 
the water generally contams smaller concentrations of dis­
solved mmerals than contamed m younger umts m the 
area, the aqmfer generally occurs at depths greater than 
can be economically tapped for stock or domestic 
supphes, provided shallower water supphes are present 
Because of the relatively large yields potentially available 
from the Fox Hills-lower Hell Creek aquifer, It IS consi­
dered by mdustry and mumcipahttes to be a good source 
for possible water supphes 
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25 50 75 KILOMETERS 

EXPLANATION 

AREA OF OUTCROP OF BEARPAW SHALE 

--soo-- STRUCTURE CONTOUR-Shows altitude of top of Bearpaw Shale. 
Contour intervals 500 and 1000 feet. Datum is sea level 

-__,--- FAULT- Approximately located . Bar and ball on downthrown side 

Figure 3. Altitude and configuration of the top of the Bearpaw Shale. Modified from Lewis and Roberts (1978). 

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



Upper Hell Creek Confmmg Layer 

The upper part of the Hell Creek FormatiOn, bemg 
pnmanly composed of claystone, siltstone, and shale~ 
generally IS not considered as an aqmfer Wells completed 
m lenticular sandstone or silty sandstone yteld as much 
as 4 gallmm Most wells m the upper Hell Creek are 
located m or near outcrop areas 

Tullock Aquifer 

Although a rehable source of water, the Tullock 
Member of the Fort Umon FormatiOn IS not used exten­
Sively for water supphes at the present time (1981) The 
aqmfer generally 1s not tapped because It commonly oc­
curs at considerable depth, and sufficient supphes are 
available from shallower aqutfers m most of the area 

Because of the mterbeddmg and mtertongumg of the 
matenal that composes the aqmfer, ytelds at a particular 
locatiOn are dtfficult to predtct Ytelds to wells completed 
m the Tullock Member range from about 0 3 to 40 gal/ 
mm and generally are about 15 gal/mm 

Lebo Confining Layer 

The Lebo Shale Member of the Fort Umon Forma­
tiOn 1s composed pnmanly of shale and generally IS not 
considered to be an aqmfer However, many wells m the 
study area are completed m the Lebo--pnmartly m and 
near the areas of outcrop These wells generally are com­
pleted m Isolated siltstone and sandstone stnngers or m 
channel sandstone and generally are completed m the ftrst 
available water below the surface Ytelds from wells com­
pleted m the Lebo are as much as 35 gallmm, but are 
more commonly about 7 gallmm Because the Lebo hes 
at depth m most of the study area and shallower water 
supphes are available, the Lebo 1s not frequently explored 
as a source of water 

Tongue River-Wasatch Aqu1fer 

The Tongue Rtver Member of the Fort Umon For­
matiOn 1s the maJor source of water withdrawn from wells 
m the northern Powder Rtver Basm The Tongue Rtver 
Member 1s used pnmanly because 1t IS a rehable source 
of water, It duectly underhes most of the area, and It 
commonly IS the shallowest and most easily accessible 
aqmfer 

Most ground-water supphes are obtamed from sand­
stone and fractured coal beds m the Tongue Rtver Mem­
ber Because of the heterogeneity of the member, depth 
to water-producmg matenal and probable ytelds are dtffi­
cult to predict 

The Wasatch FormatiOn and the Tongue Rtver 
Member are considered m thts report as a smgle aqmfer 
because of thetr stmtlar lithology and the limited extent 
of the Wasatch The Wasatch caps topographically htgh 
areas and commonly IS not saturated Y telds from 515 
mventoned wells range from about 0 2 to 150 gallmm, 
and average about 8 gal/mm 

Clinker 

Chnker, whtch generally IS greatly fractured, IS an 
excellent medmm for productiOn of large quantities of 
water However, It generally IS not saturated owmg to 
Its occurrence m topographically htgh areas and Its ability 
to readtly dram as a result of large hydraulic conductivity 
caused by fractunng Chnker IS descnbed as a separate 
umt because of Its umque hydraulic character and because 
1t 1s not necessarily associated with a particular member 
or formatiOn, m the study area It may occur throughout 
the Tertiary section where adJacent coal has burned m 
the subsurface 

Alluv1um 

Where saturated, sand and gravel of alluvmm and 
terrace deposits produce large quantities of water m the 
northern Powder Rtver Basm Occurrence at shallow 
depth also makes these depostts one of the most economi­
cal and easily obtamable sources of water Alluvmm along 
streams generally IS saturated, but terrace deposits com­
monly occur above the saturated zone Alluvmm com­
posed of coarse gravel may yteld several hundred gallons 
per mmute to properly constructed wells m local areas 
along the larger perenmal streams Y telds of as much as 
900 gallmm have been reported from wells completed m 
the alluvmm of the Powder Rtver south of Broadus 
Y telds from alluvmm along smaller streams are commonly 
30 gal/mm or less 

Aquifer Properties 

The hydraulic conductiVIty of coal aqmfers IS due 
largely to secondary permeability resultmg from fractur­
mg Thus, vanattons m hydraulic conductivity generally 
reflect the degree of fractunng m the vtctmty of the well 

Aqutfer tests conducted m the study area mdtcated 
a range m hydraulic-conductivity values of 0 34 to 6 5 
ft/d for coal aqutfers and a smgle value of 2 5 ft/d for 
the Hell Creek FormatiOn (table 2) The hydrauhc-conduc­
ttvtty values were determmed from smgle-well aqutfer 
tests usmg the Jacob noneqmhbnum method (Ferris and 
others, 1962, p 98-100) for drawdown analysts and the 
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Thets method (Jacob, I963, p 283-284) for recovery 
analysts 

Smgle-well aqmfer tests provtde only estimates of 
the hydraulic conductivity, owmg to the heterogeneous 
and amsotroptc properties of coal aqutfers Stoner ( I98I) 
found that smgle-well drawdown tests m amsotroptc coal 
aqmfers can result m hydraulic-conductivity values smal­
ler than actual average values and smaller than values ob­
tamed from multtwell aqmfer tests The smaller values 
may be a result of the effects of aqmfer dewatenng, well 
entrance losses, or casmg storage Results of smgle-well 
recovery tests compared more favorably wtth values ob­
tamed from the multi-well tests 

Ground-Water Movement 

Alternatmg aqmfers and confimng zones coupled 
wtth complex mtertongumg and mterfingenng wtthm most 
umts result m complicated patterns of ground-water flow 
Water-quality dtstnbutiOn wtthm the study area mdtcates 
that two general flow patterns are present above the Bear­
paw Shale An upper flow pattern occurs m aqmfers at 
depths of less than about 200 feet and consists of localized 
flow that IS controlled by topography A lower flow pat­
tern, whtch IS charactenzed by regiOnal flow generally 
northward toward the Yellowstone Rtver and stgmftcant 
flow toward the Powder and Tongue Rtvers, IS present 
m aqmfers at depths of more than about 200 feet The 
approximate altitude of the water surface m wells less 
than 200 feet deep IS depicted on plate 2 The map, con­
structed from water levels m wells completed m numerous 
sandstone lenses and coal beds havmg many dtfferent 
potent10metnc surfaces, approximates a smgle poten­
tiometric surface that represents composite hydraulic 
heads 

Water enters the shallow ground-water system by 
surface mfiltrat10n, flows downslope, and dtscharges to 
streams and overs In recharge areas, whtch generally 
comctde wtth the topographically htgher areas, the altitude 
of the potentiometnc surface decreases wtth depth, stg­
mfymg a downward component of ground-water flow 
Frequently, water movmg downward ts retarded or mter­
cepted by relatively Impermeable matenal, causmg water 
to move laterally and discharge as contact spnngs at the 
land surface 

Dtscharge areas are charactenzed by an upward 
component of flow where the altitude of the potenttomet­
nc surface mcreases wtth depth Water moves upward 
through the aqmfers and confimng zones to land surface 
where It dtscharges as base flow to streams, evaporates, 
or IS transpired by plants Dtscharge areas for the aqmfers 
at depths less than 200 feet m the northern Powder Rtver 
Basm pnmanly comcide with the valleys of perenmal and 
mtermtttent streams Dtschargt: areas for the deeper aqUI­
fers generally comcide wtth the maJor dramages 
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Vertical movement between the aqutfers IS known 
to extst, but the rate of exchange IS unknown The rate 
of vertical movement Is dependent pnmarily on the verti­
cal hydraulic conductivity, the thickness of the confimng 
zone, and the hydraulic-head dtfferenttal between the 
aqmfers Owmg to the complex mtertongumg of the 
geologic umts m the northern Powder Rtver Basm, espe­
cially the Terttary deposits, the thickness and dtstrtbutiOn 
of confimng zones are dtfficult and Impractical to define 
over large areas 

Investigators m the ligmte area of North Dakota, 
where the geology IS stmtlar, have determmed that vertical 
hydraulic conducttvtty of the confinmg zones ranges from 
about I o-3 to I o-s ftld and hydraulic gradtents across the 
confmmg zones range from about 0 I to I (Moran, 
Cherry, Fntz, Peterson, Sommerville, Stancel, and 
Ulmer, I978) Although these small values would mdtcate 
mtmmal exchange of water between aqmfers, the cumula­
tive effect over areas as large as the northern Powder 
Rtver Basm could be considerable For example, usmg 
the above values, leakage through a I-square-foot area 
of a confimng zone would range from I0-6 to I0-3 ft3/d 
Cumulative leakage over the entire study area would range 
from about 2,000 to 2,000,000 acre-feet per year 

Recharge 

The pnnctpal sources of recharge to the shallow 
ground-water system are mftltratiOn of precipitatiOn and 
seepage from streams and nvers AdditiOnal recharge IS 
supplied by deep percolation of applied tmgatiOn water 
and subsurface ground-water mflow from adJacent areas 

Precipitation 

The pnmary source of recharge to the shallow 
ground-water system IS mftltratton of ramfall and snow­
melt on the outcrops Water that falls on the land surface 
as ram or snow etther runs off, evaporates, IS transpired 
by plants, IS retamed to supply defictenctes m sml mms­
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 Mtller ( I979) 
estimates that recharge from surface mftltratiOn of ramfall 
and snowmelt ts about I percent of the average annual 
prectpttatton, or about 80,000 acre-feet per year 

Irrigation 

A part of the recharge IS denved from deep percola­
tion of applied trngation water and from dttch losses not 
evaporated or consumed by plants Thts recharge IS 
pnmanly confmed to the alluvmm, as most tmgated land 
IS m the stream valleys 

The quanttty of recharge from tmgatton cannot be 
estimated, because documentation IS not available for the 



Table 2. Summary of aqu1fer tests 

Th1ck- Length DIS- TransmiSSIVIty Hydraulic 
ness of of charge (feet squared conduct1v1ty 

Depth Ceo- tested test (gallons per day) (feet ~erda~) 
Locat1on of well log1c L1th- mterval (mm- per Draw- Re- Draw- Re-
of well (feet) Unit ology (feet) utes) mmute) down covery down covery 

NW 1/4 SEI!4 SE1/4 400 Hell Creek Sandstone 90 420 12 223 25 
sec 18, T 1 N , R 54 E Formatton 

NW 1/4 NE1f4 SEI!4 SE1f4 183 Anderson coal Coal 
sec 32, T 8 S , R 44 E bed of Tongue 

Rtver Member1 

NW 1!4 NW 1/4 NW1/4 NW 1!4 67 Anderson coal Coal 
sec 34, T 8 S , R 45 E bed of Tongue 

Rtver Member1 

NW1/4 SW 1/4 NW 1/4 SWI!4 253 Anderson coal Coal 
sec 34, T 8 S , R 45 E bed of Tongue 

Rtver Member1 

SEI!4 SE1/4 NW'/4 NWI!4 262 Anderson coal Coal 
sec 14, T 9 S R 43 E bed of Tongue 

Rtver Member1 

NWI!4 NW 1/4 SWI!4 SW 1/4 94 Anderson coal Coal 
sec 7,T 9S,R 44E bed of Tongue 

R1ver Member1 

NW1/4 NWI!4 NE'/4 NE'/4 110 Anderson coal Coal 
sec 8, T 9 S , R 44 E bed of Tongue 

Rtver Member1 

10f Fort Umon FormatiOn 

values of many vanables mvolved, such as amount and 
dtstnbutiOn of apphed water, total acreage trrtgated, dtstn­
button of consumptive use, and amount and dtstnbutiOn 
of dttch losses Most recharge resultmg from tmgatiOn 
probably ts retamed only temporanly Water that reaches 
the saturated zone ratses the water table m the alluvmm 
to above normal levels, whtch mduces lateral flow and 
results m mcreased ground-water dtscharge to the stream 
Much of the water recharged as a result of trngatiOn ts 
recirculated to the stream from whtch It was obtamed 

Streams and Rivers 

Intermittent and ephemeral streams serve as a maJor 
source of recharge dunng times of runoff Some recharge 
occurs from runoff resultmg from summer storms but ts 
hmtted by the short duratiOn and mtenstty of the storms 
Most recharge from runoff results from spnng snowmelt 
The longer duration of streamflow dunng snowmelt pro­
vtdes greater opportumty for mfiltrat10n, except when m­
filtratton ts hmtted by frozen ground 

31 180 44 157 157 5 1 5 1 

10 300 20 13 1 3 

22 155 27 20 91 

28 300 29 30 43 1 1 1 5 

32 1,500 30 12 11 38 34 

33 360 46 205 215 62 65 

Perenmal streams serve pnmanly as drams for the 
ground-water system However, m some reaches where 
the stream level ts above the water table, the streams sup­
ply water for recharge Considerable recharge occurs from 
perenmal streams dunng mtervals of htgh streamflow 
caused by storm or snowmelt runoff Losses from the pe­
renmal streams dunng penods of htgh flow recharge the 
alluvmm, thereby ratsmg the water table Most of thts 
recharged water ts returned to the stream as base flow 
durmg subsequent low-flow penods 

Subsurface Inflow 

Subsurface mflow from Wyommg supplies a small 
amount of recharge to the shallow ground-water system 
m the Montana part of the Powder Rtver Basm Subsur­
face mflow enters Montana pnmanly m three areas along 
the Tongue Rtver, along Hangmg Woman Creek, and be­
tween the Powder Rtver and the Ltttle Powder Rtver (pi 
2) Total mflow m these three areas IS calculated by usmg 
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Darcy's equation to be between 500 and 1,000 acre-feet 
per year 

Discharge 

Water m the shallow ground-water system of the 
northern Powder River Basm, for the most part, IS undis­
turbed by man and IS essentially m equihbnum, thus, 
long-term discharge ts equal to recharge Ground water 
ts dtscharged through streams and nvers, evapotranspira­
tiOn, wells, spnngs and seeps, and subsurface outflow 
from the area 

Streams and Rivers 

The pnmary mode of discharge from the ground­
water system ts to perenmal streams and nvers Most of 
the ground water dramed from the area by streams and 
nvers ts denved from aqmfers less than about 200 feet 
deep and ongmates as recharge withm the same surface­
dramage basm Some water moves upward from a deeper 
flow system through confmmg zones and dtscharges to 
the maJor streams Water m the bedrock aqmfers that does 
not dram dtrectly to perenmal streams mfiltrates mto the 
alluvmm along mtermtttent and ephemeral streams Thts 
water, m general, flows through the alluvmm m a 
downstream dtrection, and that part not lost to evapotrans­
piratiOn or wells eventually ts dtscharged to a perenmal 
stream 

Most ground water dramed from the study area ts 
dtscharged as base flow through Rosebud Creek and the 
Tongue, Powder, and Yellowstone Rtvers Esttmates of 
the volume of ground water dtscharged by the streams 
were obtamed through streamflow measurements made 
dunng the fall, when mterceptton by evapotranspiratiOn 
was mtmmal and base flow more closely represented 
losses from the ground-water system 

Streamflow measurements m late October and early 
November 1977 (Lee and others, 1981, Druse and others, 
1981) mdtcated that streamflow near the mouths of these 
streams was 0 04 ft3/s for Otter Creek, 13 6 ft3/s for 
Rosebud Creek, and 233 ft3/s for the Tongue Rtver The 
flow of Otter and Rosebud Creeks was denved entirely 
from ground-water mflow The flow of the Tongue Rtver 
mcluded releases from the Tongue Rtver ReservOir Net 
gam m flow, excludmg tributary mflow, between the dam 
and the mouth was 77 ft3/s 

Average annual flow for the Tongue Rtver near 
Mtles Ctty for 34 years of record ts 318,800 acre-feet 
Total flow for the 1977 water year was 278,100 acre-feet, 
whtch ts 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 ts from aqmfer dtscharge, 
the rest ts denved from surface runoff from storms and 
snowmelt 

Long-term streamflow-gagmg records at Moorhead 
and near Locate can be used to estimate the ground-water 
contnbut10n to the Powder Rtver Mean flow for October 
at Moorhead for 44 years of record ts 185 ft3/s and mean 
flow for October at Locate for 37 years of record ts 214 
ft3 /s The only tnbutary that generally contributes appreci­
able flow to the Powder Rtver dunng October IS the Ltttle 
Powder Rtver Mean flow for October for the Ltttle Pow­
der Rtver near Broadus for 18 years of record ts 6 60 
ft3/s Inflow to the Powder Rtver from Mtzpah Creek dur­
mg October generally ts less than 0 25 ft3 /s The above 
figures mdtcate that the ground-water contribution to the 
Powder Rtver between Moorhead and Locate ts about 22 
ft3/s 

Ground-water mteractton wtth the Yellowstone 
Rtver can be estimated by use of streamflow records from 
U S Geologtcal Survey streamflow-gagmg statiOns at 
Forsyth and Mtles Ctty wtth adJUStments for mflow from 
Rosebud Creek and the Tongue Rtver Dunng the 4 years 
followmg the establishment of the gage at Forsyth, the 
dtfferences m flow between Forsyth and Mtles Ctty com­
puted for 1 0-day mtervals m October and November 
ranged from an average gam of about 110 fe/s m October­
November 1980 to an average gam of 730 ft3 /s m 
November 1979 Most of the gam ts denved from the 
study area, because the dramage area of the reach of the 
Yellowstone Rtver between Forsyth and Mtles Ctty south 
of the nver ts much larger than the dramage area north 
of the nver 

Evapotranspiration 

Dtscharge of ground water by evapotransptratton oc­
curs pnmartly from alluvmm along streams where the 
water table IS shallow The rate of evapotranspiratiOn IS 
dependent upon many factors mcludmg depth to water, 
type and denstty of vegetation, and chmate The greatest 
evapotransptratton occurs dunng the growmg season when 
plant growth ts acttve, temperatures are warm, and solar 
radtatiOn IS large owmg to the greater number of dayhght 
hours 

The area of potential evapotranspiration was as­
sumed to comctde wtth the area of alluvmm m the stream 
valleys The total area of alluvmm m the study area was 
determmed by plammetenng the alluvmm shown on the 
geologtc map of Lewts and Roberts ( 1978) Alluvmm oc­
curs beneath 1,200 mt2

, a small part (12 percent) of the 
10,000 mt2 study area 

Potential evapotranspiration was calculated usmg a 
method developed by Blaney and Cnddle ( 1950) for es­
ttmatmg consumptive use (evapotranspiratiOn) by vartous 
crops and ts based on thetr assumptiOn that evapotranspt-



ration from an alfalfa field Is approximately equal to lake 
evaporation Where sufficient mOisture IS available, con­
sumptive use IS expressed by the equation 

where 
U= 
K= 

P= 

TJ 
~T·P 

U=K~100, 
1 

consumptive use, m mches, 

(1) 

empmcal consumptive-use coefficient, which 
IS dependent on the type and locatiOn of the 
crop, 
number of months, 
mean monthly temperature, m degrees 
Fahrenheit, and 
monthly percentage of total daytime hours dur­
mg the year 

Usmg the above method, the calculated potential an­
nual evapotranspiratiOn was 35 28 mches at Busby, 35 83 
mches at Broadus, and 36 85 mches at Miles City These 
values represent the annual potential evapotranspiratiOn If 
sufficient mmsture IS available However, annual precipi­
tation m the study area IS much less than the potential 
evapotranspiration, so sufficient mmsture would be avail­
able only where the water table IS very shallow or where 
deep-rootmg plants, such as alfalfa, can obtam mOisture 
directly from the ground-water reservmr 

If all water lost by evapotranspiration IS denved 
from ground water, If evapotranspiratiOn occurs only m 
areas of alluvmm, and If sufficient water IS available, then 
the annual discharge of ground water by evapotranspira­
tion from the northern Powder River Basm IS about 
2,000,000 acre-feet Sufficient mOisture Is not always 
available so this figure can be regarded as a maximum 
The actual volume of ground water lost through evapot­
ranspiration IS much less 

Wells 

The shallow ground-water system m the northern 
Powder River Basm IS essentially undeveloped Although 
the number of wells IS large, the density of wells and 
the quantity of water withdrawn are small m relatiOn to 
the quantity of water discharged by natural means The 
nearly 2,000 wells that have been mventoned m the study 
area represent only part of the total number of wells that 
exist The density of the mventoned wells averages about 
one well for every 5 mi2 The actual density IS probably 
nearer to one well for every 2-3 mi2 or 3,000 to 5,000 
wells total Most wells m the study area are used for 
stock and domestic purposes, with the number of wells 
used for stock exceedmg those used for domestic or other 
purposes Most stock wells are used only when livestock 
are m pasture, therefore, they are pumped only part of 

each year The yield from most wells IS controlled by 
the capacity of the pumpmg system and not by the hydrau­
lic properties of the aqmfer Discharge by wells creates 
httle stress on the ground-water system, because of the 
sparse density of wells, limited pumpmg time, and less 
than maximum yields 

Average measured discharge of 697 wells m the 
basm_Is 9 4 gal/mm If 3,000 wells are present, the annual 
discharge by stock wells IS 11,000 acre-feet, assummg 
that stock wells constitute 50 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 
usmg 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 Is considered If 
1,500 domestic wells are present m 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 
mch of water If apphed evenly over the 10,000 mi2 study 
area 

Springs and Seeps 

Because of the lenticular nature of the beddmg and 
high topographic rehef m the study area, numerous con­
tact spnngs and seeps are present The more than 430 
spnngs and seeps that have been mventoned constitute 
only a part of the spnngs m the area About 980 sprmgs 
are shown on U S Geological Survey 71fz-mmute topo­
graphic maps All spnngs are not shown on topographic 
maps, therefore, the total number of spnngs and seeps 
IS not known 

Discharges rangmg from 0 1 to 950 gal/mm have 
been measured, estimated, or reported for 194 spnngs and 
seeps Average discharge for the mventoned spnngs and 
seeps IS 5 2 gal!mm One spnng, near Decker, which re­
portedly yields 950 gal/mm, IS considered to be anomal­
ously large The average discharge does not mclude this 
abnormally large value 

The total amount of water discharged through 
spnngs and seeps can only be estimated, because of un­
known factors such as actual number present and dis­
charge rates Assummg a total of 2,000 spnngs and seeps, 
which Is about twice the number shown on topographic 
maps, and an average discharge of 5 2 gal/mm, the dis­
charge from the northern Powder River Basm through 
spnngs 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 Wyommg as subsurface outflow JUSt west of the Ton­
gue Rtver and the Powder Rtver However, as thts water 
enters the alluviUm along each respective nver, tt flows 
m a downstream dtrectiOn and re-enters the study area 
as streamflow or as subsurface flow m the alluvmm 

As the northern part of the western boundary of 
the study area bastcally comctdes wtth the Tullock Creek­
Little Btghorn Rtver dramage dtvtde, httle water leaves 
by subsurface outflow through thts 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 dtstance, generally less than 6 miles, and dtscharges 
to the Yellowstone Rtver 

CHEMICAL QUALITY OF GROUND WATER 

Water-Use Standards 

Domestic supply and livestock watenng constitute 
the most common uses of ground water m the northern 
Powder Rtver Basm Some ground water ts used for tm­
gatton 

Pnmary and secondary dnnkmg water standards 
(table 3) established by the U S Environmental Protection 
Agency ( 1977, 1979) may be used as gmdes to the smta­
btlity of water for domestic use Pnmary standards pertam 
to public water supplies and mclude substances known 
to be toxtc to humans m small quantities An excess con­
centratiOn of any of the constituents constitutes a basts 
for reJection of the supply Secondary standards are to 
be complied wtth unless no better supply ts avatlable 

Ltvestock ratsmg ts a maJor mdustry throughout the 
area and stock consumptiOn ts an Important water use 
McKee and Wolf (1971, p 112) suggest the followmg 
limtts of dtssolved-solids concentration for vanous types 
of stock 

Poultry 
Pigs 
Horses 

L1vestock 

Cattle (dairy) 
Cattle (beet) 
Sheep (adult) 

D1ssolved solids 
concentration, m 

m1lllgrams per liter 

2,860 
4,290 
6,435 
7,150 

10,000 
12,900 

Some mvesttgators (see McKee and Wolf, 1971, p 
113) mdtcate that these values are much too large for 
optimum growth and development of livestock Also, cer­
tam maJor tons may be more limttmg than the sum of 
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all constituents For example, stock can tolerate the great­
est dtssolved solids when the pnmary constituents m the 
water are sodtum and chlonde Water contammg a large 
concentratiOn of sulfate ts much less destrable 

The suttabtlity of ground water for livestock water-
mg m southeastern Montana can be assessed by reference 
to classifications developed by the South Dakota Agncul­
ture Expenment Statton and by the Montana State Col­
lege, Agnculture Expenment Statton (McKee and Wolf, 
1971' p 113) 

Class1f1cat1on 
D1ssolved-sollds concentration, 

m m1lllgrams per liter 

Montana 

Excellent 
----------0-2,500 
Good 

Fair 2,500-3,500 

South Dakota 

0-1,000 

I ,000-4,000 

-------------------- 4,()()(}..-7,000 
Poor 3,500-4,500 

Unfit More than 4,500 More than 7,000 

The smtabtlity of water for trngation use ts depen­
dent on the concentratiOns of dtssolved solids and spectfic 
tons as well as factors such as sml type, sml dramage, 
and crop type Sustamed applicatiOn of water contammg 
large dtssolved-solids concentrations can result m m­
creased salt concentratiOns m the root zone The part of 
the apphed tmgation water that remams m the sml, the 
sml solutiOn, tends to become more concentrated as rela­
tively pure water ts uttlized by plants or lost upward 
through captllary actton and evaporation If the root zone 
ts not leached, the salt concentration of the soil solutiOn 
wtll mcrease unttl tt reaches the limtt of solubtlity of the 
salt 

Accordmg to McKee and Wolf (1971, p 1 07) the 
maxtmum concentration of dtssolved sohds considered 
sUitable for best crop growths of all types of plants, m­
cludmg salt-susceptible plants, IS about 1,000 mg/L (mtl­
hgrams per hter) A dtssolved-sohds concentratiOn of 
about 3, 150 mg/L generally ts the maxtmum for the safe 
watermg of any plant, provided that dramage ts excellent 
and each watenng ts of sufficient volume to leach the 
root zone 

Large concentratiOns of sodmm and sulfate are pn­
mary contnbutors to sahmty problems m southeastern 
Montana Large concentratiOns of sodmm m ImgatiOn 
water can cause accumulations of sodmm tons and a 
breakdown of granular sml structure The result ts defloc­
culatton of the sml, whtch results m a seahng of sml 



Table 3. Dnnkmg water standards 

Pnmary standard1 
1 

m milligrams 
per liter 

Arsemc 0 05 
Banum 
CadmiUm 010 
Chlonde 
ChromiUm 05 
Copper 
Dissolved sohds 
Flu on de 42 2 
Iron 
Lead 05 
Manganese 
Mercury 002 
Nitrate (as N) 10 
Selemum 01 
Silver 05 
Sulfate 
Zmc 

1 U S Envtronmental Protection Agency ( 1977) 
2U S Envuonmental ProtectiOn Agency ( 1979) 

Max1mum contammant level 

Secondary 
standard2

1 

m milligrams 
per liter 

250 

1 
500 

250 
5 

3 

05 

Equ1valent 
trace-constituent 
concentrat1on3 

1 

m micrograms 
per liter 

50 
1,000 

10 

50 
1,000 

300 
50 
50 
2 

10 
50 

3The U S Geological Survey reports trace-constituent concentratiOns m rrucrograms per hter 
4Range based on the annual average of maximum da1ly a1r temperatures of 53 8 to 58 3°F 

pores and a decrease m sotl permeabthty Addtttonal In­

creases m sodtum percentage causes contmued detenora­
tiOn of the sotl and an mcrease m pH, producmg alkah 
sml McKee and Wolf (1971, p 11 0) mdtcate that to pre­
vent harmful effects on sotl structure, sodtum needs to 
be less than 50 to 60 percent of total cattons 

The solubthttes of sodtum sulfate and magnesiUm 
sulfate are greater than the tolerance hmtt of many plants 
Therefore, toxtc sotl-solutton concentrations may result 
from sustamed apphcat10n of water contammg large sul­
fate concentrations Cnttcal concentrations of sulfate m 
trrtgatton water are dependent on sotl dramage, quantity 
of water apphed, and concentration of dtssolved con­
stituents, espectally chlonde Chlonde concentratiOns m 
water m the study area are commonly small, thus, sulfate 
ts the determmmg 10n Constdenng the mean chlonde 
concentration of 17 mg/L for ground water from 665 sam­
pled wells and spnngs m the study area, cnttcal sulfate 
concentrations range from about 150 to 700 mg/L, de­
pendmg on soil condtttons 

Dissolved Constituents and Distribution 

Quahty of shallow ground water m southeastern 
Montana ranges wtdely as a result of dtffenng geochemt-

cal controls, geology, and hydrology A general assess­
ment of water quahty can be made tf depth of producmg 
zone, location wtthm the area, and lithology are consi­
dered 

Most shallow ground water m the northern Powder 
River Basm does not meet recommended standards (table 
3) of the U S Environmental Protection Agency for pub­
he dnnkmg water However, some water at shallow 
depths m recharge areas contams less than the 500 mg/L 
dtssolved sohds recommended for pubhc supply 

Common-constituent concentrations (table 4) mdt­
cate some stgmficant dtfferences m water quahty with 
depth Spnngs averaged 1,630 mg/L of dissolved sohds 
with sodtum, magnesiUm, calctum, sulfate, and bicarbo­
nate bemg the dommant Ions Water from wells less than 
200 feet deep was dommated by vanous combmattons of 
sodtum, magnesiUm, calctum, sulfate, and btcarbonate 
wtth sodtum and sulfate as the most common dommant 
tons, and contamed an average dtssolved-sohds concentra­
tiOn of 2,100 mg/L Water from wells between 200 and 
1,200 feet deep was dommated by sodtum and bicarbonate 
wtth an average dtssolved-sohds concentration of 1,400 
mg/L (fig 4) Many waters contamed a sufficient concen­
tratiOn of hydrogen sulfide to Impart a defimte odor Doc-
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Table 4. Summary of selected common constituents m water from wells and spnngs 1 

[Constttuents are dtssolved and concentratiOns are reported m nulhgrams per hter] 

Source Number Magne-
of of CalCium SlUm 

water samples (Ca) (Mg) 

Spnngs 149 Mmimum 95 30 
Mean 110 140 
Maximum 400 510 

Well depths 375 Mimmum 1 7 3 
less than Mean 120 120 
200 feet Maximum 460 680 

Well depths 141 Mmimum 1 0 
greater than Mean 32 27 
200 feet Maximum 350 330 

1From Lee (1981, p 5) 

kms and others (1980) report that dtssolved sulftde ts pres­
ent m ground waters of southeastern Montana m concen­
tratiOns that generally are less than I mg/L but can be 
as much as 3 to 4 mg/L The probable source of the 
sulfide ts bactenally promoted sulfate reduction 

Water at depths of less than 200 feet generally com­
pnses the upper chemtcal zone Maps of percent sodmm 
plus potassmm (ftg 5) and percent sulfate (fig 6) m water 
from spnngs and wells less than 200 feet deep mdtcate 
sodmm and sulfate ennchment of water as recharge waters 
enter the aqmfers and move downgradtent Because flow 
patterns of water at depths of less than 200 feet generally 
comctde wtth the topography, the mfluence of an mdt­
vtdual recharge area ts limtted m areal extent Thts condi­
tiOn suggests a cellular pattern of small recharge-dtscharge 
cells, as shown on the maps of percent sodmm plus potas­
SIUm (fig 5) and percent sulfate (ftg 6) 

Trace-constituent concentratiOns (table 5) vary 
throughout the area and most are less than the maxtmum 
contammant levels established by the U S Environmental 
ProtectiOn Agency ( 1977, 1979) Maximum concentration 
of tron was 53,000 f.l-g/L (micrograms per liter) and stron­
tium was 9,000 f.l-g/L (table 5) Manganese and boron 
concentrations m excess of 1 ,000 J.l-g/L also were re­
ported A summary of radtochemtcal and miscellaneous­
constituent concentrations m water from wells m the 
northern Powder Rtver Basm ts gtven m table 6 The re­
ported concentratiOns of total mtrogen were 6 2 mg/L or 
less for all samples except one 

Ground-water supplies are generally sUitable (fatr to 
excellent) for livestock watenng Most water m the shal­
low ground-water system m southeastern Montana con­
tams concentratiOns of sodmm or dtssolved solids that ex­
ceed maxtmums developed by the U S Salimty Laborato­
ry Staff (1954) and are not smtable for trngation Some 
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B1car- Car- DIS-
Sod1um PotasiUm bonate bonate Sulfate Chlonde solved 

(Na) (K) (HC03) (C03) (S04) (CI) solids 

66 2 5 0 15 1 3 160 
240 10 580 2 830 80 1,630 

1,800 31 1,500 37 5,500 36 5,260 

3 2 1 20 0 0 4 110 
410 8 650 2 1,100 13 2,100 

1,900 48 2,000 53 4,400 120 6,300 

13 230 0 1 30 390 
450 4 850 14 390 36 1,400 

1,700 14 2,000 440 3,300 770 5,720 

supplies may be used tf water-applicatiOn rates are suffi­
cient to thoroughly leach the sotl A few wells are used 
for ungat10n even though the salimty and sodmm hazards 
of the water are large 

Processes and Factors Controlling 
Concentration of Mineral Constituents 

A generalized conceptual model of the shallow 
ground-water system (fig 7) was developed from the ob­
served chemtcal compositiOn of water, probable mmeral­
water mteracttons, aqueous chemtstry, geology, and hy­
drology m southeastern Montana (Lee, 1981) The sectton 
deptcted m ftgure 7 may vary m length from 2 to 20 
mtles from the recharge area (A) to the dtscharge area 
(D) Vertical exaggeratiOn ts about 50 

At pomt A, chemtcal composttton would represent 
recharge waters dommated by magnesmm, calcmm, and 
btcarbonate, wtth stgmficant amounts of sodmm and sul­
fate, but havmg a small dissolved-solids concentration 
As the water percolates through the system, sodmm and 
sulfate ennchment results m larger percentages of sodmm 
and sulfate and larger dtssolved-solids concentratiOns at 
B At C, chemtcal composition would represent a mtxture 
of water at B and recharge water that has percolated 
through the very permeable clinker The mtxmg results 
m a solutiOn contammg a smaller dtssolved-solids concen­
tration than at B wtth a chemtcal compositiOn approachmg 
that for recharge water, that ts, a lesser percentage of 
sodtum and sulfate At D, water quality ts predommantly 
sodmm and sulfate (developed by sodmm and sulfate en­
nchment), whtch may dtscharge as base flow to the 
stream In the deep coal bed at E, sulfate reduction may 
dommate the geochemistry of the ground water, producmg 



EXPLANATION 

DATA SITE 

o Wells less than 200 feet deep 

• Wells more than 200 feet deep 

ov--- Spnngs 

Rad1us of c1rcle 1nd1cates average 
dissolved -solids concentration, 
m milligrams per liter 

0 

I 

0 
0 0 g 
g g 0 

In 

Scale of radu 

6(, Ca '& 
CATIONS 

~ Cl ~ 
ANIONS 

PERCENT OF TOTAL MILLIEQUIVALENTS PER LITER 

Figure 4. Tnhnear d1agram of average pe1 centages of chem1cal con~t1tuents m water from wells and spnngs 

a sodtum bicarbonate water wtth a chemtcal composition 
that IS almost mdtstmgmshable from water of deeper 
aqmfers At F, water of the deeper regmnal zone (whose 
chemtcal character probably developed stmtlar to water 
at E) would be dommated by sodtum and bicarbonate 
Fmally at G, upward leakage would result m a chemtcal 
composition stmtlar to a composite of waters from D, E, 
and F Chemical character of water at G would be deter­
mmed by the dommant water supply from D, E, or F 

Much of the water quahty m the shallow system 
depends on mmerals m the aqmfers through whtch the 
waters flow Probable mmeral reacttons wtthm the aque­
ous phase are 

Ca+2+HC03-~CaC03 +H+ (2) 
(calcite) 

Mg+2+HC03-~ MgC03+H+ (3) 

(magnesite) 

Ca+2+Mg+2+2HCo3-~Ca,Mg(C03h+2H+ (4) 

9H20+2H2C03+2NaAIS130s 
(albite) 

(dolomite) 

~2Na + + 2HC03- +4H4S104 + Al2S120 5(0H)4 (5) 
(kaohmte) 

Ca+2 +Mg+ 2 +4Na+ (on sed1ment) 
~ca+2 , Mg+ 2 (on sedlment)+4Na+ (6) 
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Reactions 2, 3, and 4, as wntten from left to nght, 
would result m mdtrect sodmm and sulfate ennchment 
by removmg calcmm, magnesmm, and bicarbonate from 
solutiOn Equations 5 and 6 would ennch sodmm directly 
m solution The sediment m reactiOn 6 could be smectite 
clay mmerals, coal, or carbonaceous shale havmg large 
exchange capacities 

Sulfate ennchment m ground water occurs by pynte 
oxidatiOn or gypsum dissolutiOn (Lee, 1981, p 12) as 
follows 

2FeS2+702+2H20~2Fe+2+4S04-2+4H+ (7) 
(pynte) 

CaS04 2H2o~ca+2+So4-2+2H20 (8) 
(gypsum) 

Sulfate depletion may occur chemically by bactenally pro­
moted sulfate reduction (Dockms and others, 1980) 

Mixmg of ground waters of diffenng chemical com­
positions can cause mcreases or decreases m percentage 
of sodmm or sulfate, thereby creatmg apparent geochemi­
cal anomahes Mixmg of a shallow ground water ennched 
m sodmm and sulfate With relatively fresh recharge water 
would decrease sodmm and sulfate percentages with re­
spect to the shallow ground water Mixmg of a shallow 
ground water with water dommated by sodmm and bicar-

bonate from a deep regwnally extensive aqmfer would 
decrease the percentage of sulfate but show httle or no 
change m sodmm percentage With respect to shallow 
ground water These two mixmg phenomena would appear 
as geochemical trend reversals m figure 6 such as along 
the Tongue River about 20 mtles north of Ashland 

EFFECTS OF MINING ON 
GROUND-WATER RESOURCES 

V anous phases of mmmg operatiOns will affect the 
ground-water reservotr m different ways Effects of the 
mmmg Itself will differ from those of processmg and plant 
operations Effects of processmg and plant operatiOn occur 
pnmanly as a result of mcreased withdrawals from the 
ground-water reservotr, whereas effects of the mmmg pro­
cess could mvolve mterruptwn of ground-water flow pat­
terns, removal of aqmfers, and possible alteratiOn of the 
chemical quahty of the ground water In this report, the 
effects of the mmmg process Itself are emphasized 

Water Levels and Flow Patterns 

The effects of mmmg on water levels and flow pat­
terns are dependent on the location of the mme with rela­
tiOn to the geology and the ground-water system Surface 
coal mmes located above the potentwmetnc surface will 

Table 5. Summary of trace constituents m water from selected wells 1 

[Constituents are dissolved and concentrations are reported m nucrograms per hter] 

Number Concentration 
Constituent of Mm1mum Mean Max1mum 

samples 

Alummum, AI 57 10 80 470 
Arsemc, As 61 0 4 
Banum, Ba 57 0 120 600 
Boron, B 60 5 230 1,100 
Cadmmm, Cd 57 0 0 1 
Chrommm, Cr 57 0 30 100 
Copper, Cu 63 0 4 30 
Iron, Fe 65 0 180 53,000 
Lead, Pb 57 0 28 100 
Ltthmm, Lt 57 10 100 360 
Manganese, Mn 57 0 220 4,600 
Mercury, Hg 61 0 3 1 7 
Molybdenum, Mo 57 0 19 100 
Selenmm, Se 52 0 1 6 
Strontmm, Sr 57 100 2,200 9,000 
Vanadmm, V 56 0 22 100 
Zmc, Zn 57 0 100 500 

1Modified from Lee (1979) 
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have httle, tf any, effect on water levels and flow pat­
terns Posstble effects would be hmtted to mcreased re­
charge from seepage through the ptt floor 

Mmes, whtch are located below the potent10metnc 
surface but above water-yteldmg zones m areas where 
confined ground-water conditiOns extst, also wtll have Itt­
tie effect on water levels and flow patterns Some upward 
leakage wtll occur through the confmmg zones between 
the aqmfer and the ptt floor, particularly tf mmmg ac­
tiVIties destroy or damage the mtegnty of the confmmg 
zones If confimng zones are not destroyed or damaged, 
the amount of upward leakage would not stgmficantly ex­
ceed premmmg values Such leakage could cause mmor, 
localized depressiOns on the potent10metnc surfaces 
Changes m potenttometnc surfaces probably would be of 
less magmtude than natural water-level trends and, there­
fore, probably would not be detectable wtthout mtenstve 
momtonng before and dunng mmmg 

The greatest potential for alteratiOn of water levels 
and flow patterns occurs where mmes mtersect a water­
yteldmg zone The magmtude and areal extent of changes 
m water levels and flow patterns are dependent on many 
vanables mcludmg 

( 1) The areal extent of the flow system penetrated 
by the mme, 

(2) the thtckness of the saturated mterval penetrated 
by the mme, 

(3) the hydraulic head at the mme stte, 
(4) the honzontal and verttcal dtstnbutJOn and mag­

mtude of hydraulic conductiVIty and storage 
coefficient surroundmg the mme stte, 

(5) the dtstance to and types of hydrologic bound­
artes, 

(6) the stze and shape of the mme cut, 
(7) the length of time the mme ts m operatton 

The maxtmum practical overburden thtckness that 
presently can be removed dunng surface coal mmmg ts 
a8out 200 to 250 feet, thereby essenttally hmttmg mmmg 
to the upper part of the shallow ground-water system 
Thus, alteratiOn of potentJometnc surfaces and flow pat­
terns m the upper part of the shallow ground-water sys­
tem, whtch ts composed of numerous flow cells of hmtted 
areal extent, essenttally wtll be confined to the flow cell 
m whtch the mme ts located 

The varted lithology wtthm the strattgraphtc umts 
wtll help to hmtt the effects of mtmng on water levels 
and flow patterns Intertongumg sandstone, siltstone, and 
shale charactenzed by truncated umts and abrupt factes 
changes compose a system of numerous lenticular aqutfers 
and confimng zones of hmtted areal and vertical extent 
Coal beds, whtch generally are contmuous beneath large 
areas, are transected by fracture systems that are not Inter­
connected over large dtstances and provtde only hmtted 

Table 6. Summary of rad1ochem1cal and m1scellaneous-const1tuent concentrations 
m water from selected wells 1 

[Concentrations are reported m m1lhgrarns per hter (mg/L), except where md1cated as micrograms per hter 
(.,.giL) or p1cocunes per hter (pCI/L)] 

Constituent 
Number 

of 
samples 

Total sulftde, S 50 
Dtssolved fluonde, F 65 
Dtssolved bromtde, Br 50 
Dtssolved todtde, I 49 
Dtssolved sthca, St02 65 
Total mtrogen, N 63 
Total phosphorus, P 64 
Dtssolved gross alpha 59 

as U-nat (JJ.g/L) 
Suspended gross alpha 59 

as U-nat (JJ.g/L) 
Dtssolved gross beta 59 

as Sr90/Y90 (pCIIL) 
Suspended gross beta 59 

as Sr90/Y90 (pCIIL) 
Total orgamc carbon, C 41 
Dtssolved organtc carbon, C 11 

1Mod1fied from Lee (1979) 

Concentration 
Mm1mum Mean Max1mum 

00 06 30 
1 1 2 50 
0 2 1 3 
00 01 18 

58 11 8 31 
14 2 61 14 
00 10 71 

7 1 32 5 140 

4 45 47 

1 9 12 1 150 

4 25 19 

1 11 1 83 
7 26 50 
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-----WATER TABLE 

<E--- DIRECTION OF WATER 
MOVEMENT 

A 

B 

c 

D 

E 

WATER-QUALITY ZONE 

Recharge area 

Shallow aquifer downgradient from 
recharge area 

Shallow aquifer underlying recharge 
area 

Shallow aquifer near discharge area 

Deep coal -bed aquifer 

F Deep regional aquifer 

G 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 Yoast 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 stte Data collected dunng the mme-plan 
phase of development can fulfill thts need 

Postmining Water Levels and Flow Patterns 

Upon completion of mmmg, Withdrawals from the 
shallow ground-water system wtll cease, the fmal mme 
cut wtll be ftlled, and the system wtll begm re-establish­
ment of eqmlibnum flow condttlons Flow wtll contmue 
toward and begm filling the depressiOn m the potenttomet­
nc surface created by the mme dewatenng 

Water levels generally wtll begm to nse, most rap­
tdly near and wtthm the former mme Imttally, water 
levels JUSt beyond the penphery of the area of water-level 
decline created by mmmg mtght decline slightly m re­
sponse to supplies reqmred to fill the depressiOn m the 
potent10metnc surface Lateral mflow and surface mftltra­
tion wtll cause water levels to contmue to nse until an 
eqmlibnum flow pattern ts attamed and premmmg water 
levels surroundmg the former ptt are approximated 
Water-level configuratiOn and flow patterns wtthm the 
spmls that ftll the former mme wtll be modtfied from 
premmmg conditions, owmg to the altered lithologic dts­
tnbutiOn Evaluation of the effects of mmmg on water 
levels and flow patterns at any particular mme stte wtll 
reqmre mtncate geologtc and hydrologtc mappmg 

Productivity of Wells 

The effects of mmmg on potential producttvtty of 
wells surroundmg the mmed area are related dtrectly to 
the change m water level at a well stte In areas where 
ground water ts under artestan pressure, reduction of 
water levels may mvolve only a reduction m hydraulic 
head, rather than actual dewatenng of the aqmfer 

Where the potentiOmetric surface declines to a level 
below the top of the water-yteldmg matenal (below the 
base of the confimng matenal), the aqmfer becomes un­
confined and dewatenng of the aqmfer occurs, resultmg 
m a reduction of saturated thtckness at the well stte Be­
cause of actual reductton m saturatiOn, effects on produc­
tiVIty are greater where dewatermg occurs 

In the northern Powder Rtver Basm, many wells 
are not bemg pumped at capactty The yteld of these wells 
ts limtted by well destgn or the capactty of the pumpmg 
system used and not by the hydraulic properties of the 
aqmfer Reduction m capactty of the wells wtll not affect 
the usage unless capactty ts reduced to less than the pres­
ent productiOn 

Water levels, and hence producttvtty of wells, wtll 
be affected pnmanly m aqutfers that occur stratigraphi­
cally above the base of the mme and that are hydraulically 
connected to the mme Water levels m aqmfers below 
the mme, m aqmfers not hydraulically connected wtth the 

mme, and m aqutfers outstde the local flow system m 
whtch the mme ts located essentially wtll be unaffected 

Postmining Productivity of Wells 

As water levels begm to adJust and nse toward an 
approximatiOn of thetr premmmg configuratiOn, the poten­
tial productivity of wells wtll mcrease toward premmmg 
rates m the areas outstde the spml matenals Data from 
extstmg mmes mdtcate that the abtlity of spmls to transmit 
water generally ts as great or greater than the coal they 
replace Thus, as water levels nse, the potential produc­
tiVIty of wells completed m spml matenals probably wtll 
approach and may exceed that of wells that could have 
been completed m the mmed coal 

Chemical Quality of Water 

PreviOus mvesttgatiOns of surface coal mmes were 
largely m the East where ramfall ts greater and more py­
nte and organtc sulfur are present These studtes were 
concerned pnmanly wtth actd-mme dramage to surface 
waters Although stmilar reactiOns may occur m the West, 
only a small amount of surface water flows from the 
mmes to the streams Ground water, rather than surface 
water, ts most suscepttble to change 

Replacement of overburden matenal, conststmg 
largely of sandstone, siltstone, and shale as well as some 
coal and other carbonaceous matenal, wtll result m 
changes m hydraulic properttes of the aqmfer, mcludmg 
alteration of flow paths and exposure of fresh mmeral sur­
faces Thts combmatton provtdes the opportumty for raptd 
chemiCal reactiOns and mcreased mmeralizatiOn of ground 
water In addttton, mmerals that are stable m the reduced 
state m the saturated zones hkely wtll be m the unsatu­
rated zone and subJect to oxtdatiOn 

Studtes by R L Houghton (U S Geologtcal Sur­
vey, wntten commun , 1982) m western North Dakota 
have shown that the quahty of shallow ground water ts 
controlled mamly by chemtcal processes occumng m the 
unsaturated zone For the most part the reactiOns occur 
naturally, but are accelerated by surface mmmg 
Houghton and Moran, Groenewold, and Cherry ( 1978) 
emphasize that a pnmary contnbutor to dtssolved solids 
m the ground water IS the dtssolutton of gypsum Gypsum 
ts generated m spml matenals by the oxtdatton of tron 
sulfide mmerals and the dtssolutton of calctte These m­
vesttgators beheve that mmerahzatton of water m re­
clatmed spmls can be decreased by selective placement 
of overburden matenal Placmg salt-ncb matenal ( ob­
tamed from near-surface honzons) above the water table 
and organtc-nch and clay-ncb matenals below the water 
table can hmtt stgmftcant degradatiOn of water quality 
Returnmg matenal obtamed from below the water table 
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to the saturated zone wtll decrease further oxidatiOn and 
hmtt the avatlabthty of sulfate Effects of plumes of 
mmerahzed water that may develop m an aqmfer may 
not appear for years, dependmg on aqmfer properties, 
downgradtent Withdrawals, dtscharge to streams, and the 
proximity of wells to the plume 

Van Yoast and Hedges (1975) and Van Yoast and 
others ( I977, I978) dtscussed the effects of surface coal 
mmmg near Decker and Colstnp, Montana They mdt­
cated the possible development of plumes of water con­
tammg large concentratiOns of sulfate and mtrate from ex­
plosiVes, but stated that the effects on water quality would 
be mmor Shale present m overburden matenals also may 
serve as a posstble source of mtrogen Power and others 
(I974) state that mtnftcatton of exchangeable NH4 + mtro­
gen contamed m shales m the Tongue Rtver Member oc­
curs readtly after exposure to atomosphenc conditiOns 
Dockms and others ( I980) found that sulfate-reducmg 
bactena re-establish themselves m the spmls aqmfer, how­
ever, the short-term effects are mmor on waters havmg 
a large sulfate concentration 

M E Crawley (US Geological Survey, oral com­
mun , I979) mdteated that cation exchange has ennched 
the spmls water wtth respect to sodmm at the Gascoyne 
Mme, whtch IS about 50 miles east of the Montana-North 
Dakota hne Together with the large sulfate concentration 
result10g from pynte oxtdatwn, catiOn exchange helped 
create the sodmm sulfate plume 

The potential water-quality problems and the lack 
of 10format1on on m10e spmls 10 southeastern Montana 
necessitate additiOnal 10tens1ve studies Such studtes need 
to define the chemical reactiOns takmg place m the spmls 
and the transport mechamsms of chemical species mtgrat-
10g through the spmls and mto the undisturbed aqmfers 

To Illustrate possible effects of mme dewatenng on 
surroundmg water levels, dtgttal models were constructed 
to deptct the 10fluence of vary10g hydraulic properties and 
geologic conditions The hydraulic and geoiogic settmgs 
that were stmulated do not represent any particular stte, 
but are representative of typtcal conditions m the northern 
Powder Rtver Bas10 The models present a general picture 
of the effects on water levels that can be expected as 
a result of dewatenng of excavatiOns that penetrate a 
water-y1eld10g zone 

A model descnbed by Trescott and others ( I976) 
was used for the stmulatwns Thts model IS designed to 
simulate 10 two dtmenswns the response of an aqmfer 
to an Imposed stress A vanable-gnd spacmg was used, 
wtth the smallest gnd spac10g be10g near the excavatiOn 
to provide better deftmtton of the effects of the stress 
on water levels m that area Hydraulic-head-controlled 
flux nodes (Hutchmson and others, I98I, p I6-2I) were 

placed m a rectangular pattern about 9 miles distant from 
the excavation The effect of the flux nodes IS 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 neghgtble The results, therefore, 
simulate an areally extensive aqutfer Dewatenng of the 
excavatiOn was stmulated by leakage 

The purpose of the models IS to Illustrate the effects 
of changes 10 hydraulic head, hydraulic conductiVIty, stor­
age coefficient, m10e-cut stze, slope of the 101tial poten­
twmetnc surface, and effects of hydrologic boundaries 
Effects of changes 10 any one of these parameters are 
Illustrated and compared wtth a base model, whtch depicts 
a homogeneous, Isotropic, mfimte aqutfer hav10g a thick­
ness of IO feet, a hydraulic conductiVIty of 0 5 ft/d, and 
a storage coefficient of I 0-4 The 10It1al potentwmetnc 
surface ts placed I 0 feet above the top of the aqutfer 
The aqutfer stmulated m the model represents the coal 
bed to be m10ed or the overburden above the target coal 
bed 

The results of these models, whtch were designed 
to depict maxtmum-drawdown Situations, mdtcate that 
after 20 years of contmuous dewatenng of an aqmfer I 0 
feet thtck wtth an 101tial hydraulic head I 0 feet above 
the aqutfer, water-level declines greater than I foot gener­
ally would be limited to wtthm about 7 5 mtles of the 
center of the mme excavatiOn, declines greater than 2 feet 
to wtthm about 6 miles, declines greater than 5 feet to 
w1th10 about 3 7 mtles, declines greater than I 0 feet to 
w1th10 about I 7 miles, and declines greater than I5 feet 
to w1th10 I 2 miles 

Because the aqmfer IS assumed to be confmed, the 
drawdown effects spread more raptdly for a greater dis­
tance than tf the aqmfer was unconfined or would become 
unconfmed as a result of mme dewatenng The models 
assume that the aqutfer IS essentially of 10f1mte areal ex­
tent, but m many mstances the areal extent of the effects 
of mm10g on drawdown will be limited by the extent of 
the aqmfer The m10e cut, m most examples, IS one-fourth 
mtle wtde by 1 mtle long and ts assumed to be completely 
de watered 10stantaneously In actuality, the ptt probably 
will be smaller m size, excavation and dewatenng depth 
wtll progress through some time 10terval, and the pit wtll 
be moved areally as mm10g progresses The models do 
not account for recharge by mfiltratton of water from ram­
fall and snowmelt, leakage from overly10g or underly10g 
aqmfers, or conversiOn from confined to unconfmed con­
ditions 

The results of the models are Illustrated 10 map and 
graphic forms The progressiOn of water-level declines 
through time for the assumed base conditions IS deptcted 
m figure 8 Ideally, the water-level contours would appear 
as smooth concentnc ovals around the excavation The 
plots were computer generated, and trregulanttes m the 
contours result from the roundmg of output-data values 
and the wtde gnd spac10g used m the model 
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EXPLANATION 

~ EXCAVATED AREA OF MINE 
--5-- LINE OF EQUAL WATER-LEVEL DECLINE­

Intervals 1, 3, and 5 feet 

HYDROLOGIC CONDITIONS 

Hydraulic conductiVIty =0 5 foot per day 

Storage coeff1c1ent = 10 4 

Aqu1fer thickness = 1 0 feet 

Top of aqu1fer below 1n1t1al potent1ometnc 

surface = 1 0 feet 

Figure 8. Conf1gurat1on of the cone of depress1on around a dewatered excavation m a homogeneous, 1sotrop1c 
aqu1fer after 1 year, 10 years, and 20 years of contmuous dewatenng 

The effects on water levels of changes m hydraulic 
conductiVIty, storage coefficient, aqmfer thickness, depth 
of mme below the mttial potentwmetnc surface, and stze 
of excavatwn are Illustrated m figure 9 Each curve Illus­
trates the effect of modtfymg one parameter m the base 
model The effect of each change can be determmed by 
companson wtth curve I Curve 2 was developed by m­
creasmg the hydraulic conductivity from 0 5 ft/d to 5 ftld, 
curve 3 by mcreasmg the storage coefficient from 10-4 

to 1 o-3
' curve 4 by changmg the top of the aquifer from 

10 to 50 feet below the mttial potentiometnc surface, 
curve 5 by mcreasmg the aqutfer thickness from 10 feet 
to 20 feet, and curve 6 by mcreasmg the excavation wtdth 
from one-fourth mile to I mtle A curve developed by 
changmg the tmtial potentwmetnc surface from honzontal 
to a slope of 50 ft/m1 IS not shown because It was essen­
tially the same as curve I, the maximum devtatwn from 
curve I was 0 I foot Compansons of the curves shown 
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Figure 9. Companson of the effects of d1ffenng phys1cal and hydrologic properties on drawdown m a homogene­
ous, 1sotrop1c aqu1fer after 20 years of contmuous dewatermg of an excavation 
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m figure 9 mdtcate that the mcrease m drawdown caused 
by depth of excavation below the potent10metnc surface, 
mcreased thickness of the aqmfer, or areal extent of the 
excavatiOn (curves 4, 5, and 6) generally IS 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, havmg a maximum differ­
ence of about 1 foot The area affected IS not altered 
stgmficantly Changes m hydraulic-conductivity and stor­
age-coefficient values stgmftcantly alter the drawdown 
configuratiOn and the area affected An mcrease m hy­
draulic conductivity (curve 2) results m a flatter draw­
down curve and a larger area of mfluence, whereas an 
mcrease m storage coefficient (curve 3) produces a steeper 
curve and smaller area of mfluence 
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EXPLANATION 
EXCAVATED AREA OF MINE 

--5-- LINE OF EQUAL WATER-LEVEL DECLINE­
Intervals 1 3 and 5 feet 

-----HYDROLOGIC BOUNDARY 

HYDROLOGIC CONDITIONS 

Hydraulic conduct1v1ty 

Area A =0 5 foot per day 

Area B = 5 feet per day 

Storage coeff1c1ent = 10 4 

Aqu1fer th1ckness = 1 0 feet 

Top of aqu1fer below 1n1t1al 

potent1ometr1c surface = 10 feet 

Figure 10. Influence of hydrolog1c boundanes on the 
cone of depress1on around an excavation m a 
homogeneous, 1sotrop1c aqu1fer after 20 years of con­
tmuous dewatenng 

The effects of boundary conditions m the aquifer 
on the areal configuration of the cone of depression are 
shown m ftgures 10, 11, and 12 The boundanes are de­
signed to Illustrate the effects of lateral changes m hydrau­
lic conductivity or the mfluence of surface-water bodies 
The boundaries depicted may be considered to represent 
vanous geologic situations For example, an aqmfer with 
a hydraulic conductiVIty of 5 ft/d adJacent to an aqmfer 
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 agamst shale The effects of an excava­
tion bemg located m an area of the aqmfer havmg a small 
hydraulic conductiVIty (0 5 ft/d) bounded by an area of 
larger hydraulic conductivity (5 ft/d) are shown m ftgure 
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EXPLANATION 
2'ZZ?22 EXCAVATED AREA OF MINE 

--5-- LINE OF EQUAL WATER-LEVEL DECLINE­
Intervals 1 3 and 5 feet 

-----SURFACE-WATER BOUNDARY 

HYDROLOGIC CONDITIONS 

Hydraulic conductiVIty =0 5 foot per day 

Storage coeff1c1ent = 10 4 

Aqu1fer thickness= 10 feet 

Top of aqu1fer below 1n1t1al 
potentiometriC surface = 1 0 feet 

Figure 11. Influence of surface water on the cone of 
depress1on around an excavat1on m a homogeneous, 
1sotrop1c aqu1fer after 20 years of contmuous dewater­
mg 
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10 The effects of a nearby surface-water body (lake or 
perenmal stream) that recharges the aqmfer are shown m 
figure 11 

Companson of effects of vanous boundary condi­
tiOns are shown by the proftles m ftgure 12 Curve 1 
ts that of the base model and ts shown for comparative 
purposes All other curves reflect the effects of vartous 
boundary condtttons 

Effects of Existing Mines 

Cooperattve and mdtvtdual studtes by the Montana 
Bureau of Mmes and Geology and U S Geologtcal Sur­
vey (1978) pertammg to the effects of mmmg near extst­
mg mme sttes have, m general, mdtcated that 
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( 1) Ground-water mflow to acttve mme ptts generally 
ts small m volume and, m some mstanccs, 
pumpmg from the ptts has not been necessary 

(2) Mme effluents, where pumpmg ts necessary, are 
mtxtures of ground waters that m most places 
dtscharge to the surface naturally, and have 
not created senous water-quahty changes 

(3) Water-level dechnes locally can be stgmficant 
dunng acttve mmmg operatiOns, but water 
levels recover toward premmmg posttions 
when mmmg ceases 

(4) Mme spotls generally transmtt water at rates 
equal to or greater than the natural aqmfers. 
and the abthty to transmit water ts greatest 
along the base of the spotl matena1s 

(5) Mmerahzat10n of ground water m mmed areas 
locally can be large, but regiOnally the prob­
lem ts small because of the small percentage 

HYDROLOGIC CONDITIONS 

Storage coeff1c1ent = 1 0 4 

Aqu1fer th1ckness = 1 0 feet 

Top of aqu1fer below 1n1t1al 
potent1ometnc surface = 1 0 feet 

Excavation w1dth =0 25 m1le 

Excavation length = 1 m1le 

of ground-water systems where mmmg ts feas­
tble 

(6) Presently used ground-water supphes that are per­
manently lost owmg to mmmg can be replaced 
by completmg wells m deeper aqmfers 

Summartes of the results of studtes by the Montana Bu­
reau of Mmes and Geology (Montana Bureau of Mmes 
and Geology and U S Geologtcal Survey, 1978) at four 
mmes m the study area follow 

Absaloka Mine 

The Absaloka Mme, smce tt was opened m 1974, 
has dtsturbed about 300 acres of land Pumpmg from the 
mme has not been necessary because of the small mflow 
resultmg from the poor productivtty of the aqmfers Water 
levels m observation wells near the mme have not de­
clmed Ltttle water has entered the spotls Water samples 
collected from the spotls contamed about 2,200 mg/L of 
dtssolved sohds Dtssolved-sohds concentration of water 
from undisturbed aqmfers m the area ranges from about 
100 to 5,000 mg/L 

Rosebud Mine 

The Rosebud Mme, whtch has been m operatiOn 
smce 1924 except for a 1 0--year mterval between 1958 
and 1968, has dtsturbed about 10,000 acres OccasiOnally, 
mflow to the mme has been large enough to requtre pump­
mg Water levels m observation wells near the mme have 
not shown perceptible dechnes A saturated zone of as 
much as 20 feet ts now present m the spotls Aqmfer 
tests usmg wells m the spotls mdtcate that the spotls trans-
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Figure 12. Companson of the effects of hydrolog1c boundanes on the cone of depress1on around an excavat1on 
m a homogeneous, 1sotrop1c aqu1fer after 20 years of contmuous dewatermg 
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mtt water at least as efftctently as the undisturbed aqmfers 
they replaced 

Dtssolved-solids concentrations of water from the 
spmls generally are larger than those of water from the 
coal bed bemg mmed, but the natural dtverstty of water 
quality m the area makes companson difficult The water 
quality m and near the mmed area has a tendency to 
change contmually, but a trend toward etther mcreasmg 
or decreasmg salimty ts not apparent Dtssolved-solids 
concentrations of water from undisturbed aquifers m the 
area range from about 400 to 6,000 mg/L 

Pondmg of surface runoff near the mme attenuates 
peak flows and alters the ttme dtstnbutiOn of streamflow 
Rather than peak flows occumng mamly dunng spnng 
runoff, streamflow ts now more evenly dtstnbuted 
throughout the year Downstream tmgatiOn-diVersiOn 
structures were designed to divert water dunng spnng 
runoff, and they have no mechantsms to permtt the bypass 
of normal streamflow Thus, the alteration of streamflow 
dtstnbutiOn can result m contmuous water application m 
some areas and waterloggmg of trrtgated lands 

Big Sky Mine 

The Btg Sky Mme has disturbed about 800 acres 
of land smce It was opened m 1969 Inflow to the mme 
ts of sufftctent quantity to reqmre pumpmg Effluent from 
the mme ts a mtxture of local ground waters, and degrada­
tion of water quahty has not resulted Water levels have 
dechned about 6 feet withm one-quarter mtle of the mme, 
but beyond I 5 mtles west of the mme, declines have been 
less than 1 foot Aqmfer tests of wells mdtcate that the 
spmls are much more capable of transmtttmg water than 
are the aqmfers bemg mmed Water from the spmls con­
tams relatively large dissolved-solids concentrations, some 
greater than 7,000 mg/L Ground-water quality m the area 
vanes, but no trend toward mcreasmg or decreasmg salin­
Ity has been noted 

West Decker Mine 

Smce bemg opened m 1972, the West Decker Mme 
has dtsturbed about 1,000 acres of land Hydrologtc condt­
ttons at West Decker dtffer from most extstmg or potential 
mme sttes m the area The Tongue Rtver ReservOir JUSt 
east of the mme serves as a hydrologtc boundary that 
limtts the mtgratiOn of water-level declines Ground-water 
mflow to the mme ts sufficient to reqmre pumpmg 
Effluent from the mme ts a mixture of ground water that 
would dtscharge to the reservOir under natural conditions 
Water levels near the ptt have declined as much as 40 
feet Declines have been more than 10 feet wtthm 2 mtles 
west of the ptt Aqmfer tests mdtcate that the spmls are 
at least as capable of transmtttmg water as the coal they 
replaced Ground water has readtly entered the spmls after 

the ptt ts backftlled, and water levels have nsen as much 
as 30 feet m and near backfilled areas smce 1975 

Dtssolved-solids concentratiOns of some samples of 
water from the spmls have exceeded 6,000 mg/L The 
pnmary constituents are sodmm and sulfate Dissolved­
solids concentratiOns of the water contamed m the coal 
aqmfers range from about 1,000 to 2,000 mg/L Sodmm 
and btcarbonate are the pnmary constituents 

The natural ground-water gradtent at the stte ts to­
ward the reservmr After mmmg ts completed and dewat­
enng of the ptt has ceased, water from the spmls wtll 
flow toward and dtscharge to the reservmr Because 
ground-water dtscharge ts small, water-quality changes m 
the reservmr probably wtll be negligible 

SUMMARY 

The geologtc framework for the shallow aqmfers m 
the northern Powder Rtver Basm ts composed of sedtmen­
tary umts rangmg m age from Late Cretaceous to Holo­
cene Geologtc umts that compose the shallow ground­
water system consist of Upper Cretaceous manne deposits 
of the Fox Hills Sandstone overlam by Upper Cretaceous 
to Holocene contmental deposits of the Hell Creek Forma­
tion, Fort Umon FormatiOn, Wasatch Formation, terrace 
depostts, and alluvmm The maxtmum thickness of the 
sectiOn IS about 5,000 feet Promment structural features 
m and near the study area mclude the Mtles Ctty arch, 
Black Htlls uplift, Porcupme dome, Btghorn uphft, Ash­
land syncline, Tongue River syncline, Wtlliston Basm, 
and Powder Rtver Basm 

Flow m the ground-water system above the Bearpaw 
Shale can be dtvtded, m general, mto two flow patterns 
Aqmfers that generally are at depths of less than about 
200 feet have a localized flow pattern, which ts controlled 
by the surface topography Aqmfers that generally are at 
depths greater than about 200 feet have a regiOnal flow 
pattern, with flow generally northward toward the Yel­
lowstone Rtver and stgmftcant flow toward the Powder 
and Tongue Rtvers 

The pnmary source of recharge to the shallow 
ground-water system ts mftltratiOn of ramfall and snow­
melt on the outcrops Part of the recharge ts denved from 
seepage from mtermtttent and ephemeral streams durmg 
times of runoff, and part from deep percolation of applied 
trrtgatton water and dttch losses that pnmanly recharge 
the alluviUm Some water ts added to the system by sub­
surface mflow from outstde the area 

The pnmary mode of dtscharge from the shallow 
ground-water system ts through perenmal streams and ov­
ers Lesser amounts of water are dtscharged through 
evapotranspiration, wells, spnngs and seeps, and subsur­
face outflow from the area 

The chemical quahty of shallow ground water m 
the northern Powder Rtver Basm ranges wtdely Most 
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shallow ground water m the study area does not meet 
recommended standards for public dnnkmg water estab­
lished by the U S Environmental Protection Agency Be­
cause of large sodmm, sulfate, or dtssolved-solids concen­
tratiOns, most water ts unsmtable for tmgation Water 
from depths less than 200 feet contamed an average dts­
solved-solids concentratiOn of 2,100 mg/L, wtth sodmm, 
magnesiUm, calcmm, sulfate, and btcarbonate bemg the 
pnmary tons Water from depths between 200 and 1,200 
feet was dommated by sodmm and btcarbonate and had 
an average dtssolved-solids concentratiOn of 1,400 mg/L 
Many ground waters sampled contamed a suffictent con­
centration of hydrogen sulfide to tmpart a deftmte odor 
The probable source of the hydrogen sulftde ts bactenally 
promoted sulfate reductiOn 

The effects of mmmg on water levels and flow pat­
terns wtll be dependent on the locatton of the mme cut 
m relation to the potentiometnc surface, water-yteldmg 
matenals, and confmmg zones The hydrologic effects of 
mmmg also wtll be restncted by limtted areal and vertical 
extent of overburden aqutfers, fracture patterns m the coal 
aqutfers, and faultmg The effects of mmmg on potential 
producttvtty of wells are related dtrectly to the change 
m water level at a well stte 

Upon completiOn of mmmg, the ground-water sys­
tem wtll begm reestablishment of equtlibnum flow condi­
tions Water levels wtll nse until premmmg water levels 
surroundmg the former mme site are approximated 
Water-level conftguratton and flow patterns wtthm the 
spmls wtll be modtfied owmg to the altered lithologic dts­
tnbutiOn As water levels nse, well yields affected by 
water-level declines will mcrease toward premmmg rates 

Replacement of overburden matenal wtll result m 
the exposure of fresh mmeral surfaces and provtde the 
opportumty for renewed chemtcal reactions Sulfate-re­
ducmg bactena have been reported to re-establish them­
selves m spmls aqmfers 

Mathematical models were used to Illustrate the ef­
fects of mmmg on water levels and flow patterns that 
may result from varymg hydraulic properties that are typt­
cal of rocks m the northern Powder Rtver Basm The 
results of these models, whtch were destgned to deptct 
maxtmum-drawdown sttuatiOns, mdtcate that after 20 
years of contmuous dewatenng of an aqmfer 10 feet thtck 
wtth an mttial hydraulic head 10 feet above the aqutfer, 
water-level declines greater than 1 foot generally would 
be limited to wtthm about 7 5 mtles of the center of the 
mme excavation, declines greater than 2 feet to withm 
about 6 miles, declmes greater than 5 feet to withm about 
3 7 miles, declines greater than 10 feet to wtthm about 
I 7 miles, and declines greater than 15 feet to wtthm I 2 
mtles 

Cooperative and mdtvtdual studtes of effects of 
extstmg mmes on the availability and quality of ground 
water by the U S Geologtcal Survey and the Montana 
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Bureau of Mmes and Geology have mdicated that the vol­
ume of ground-water mflow to mme ptts probably wtll 
be small, mme effluents have not created senous water­
quality problems, water-level declines can be stgmftcant 
locally dunng mmmg but water levels wtll recover to ap­
proximate premmmg positiOns after mmmg ceases, mme 
spmls generally transmit water at rates equal to or better 
than the undisturbed aqutfers, mmeralizat10n of ground 
water due to mmmg occurs only locally, and deeper aqUI­
fers are avatlable to replace water supplies that are perma­
nently lost due to mmmg 
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