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GLOSSARY 

Aquifer--a formation, group of formations, or part of a 
formation that contains sufficient saturated . permeable 
material to yield significant amounts of water to wells 
and springs. 

Bedrock--consolidated or semiconsolidated rock that underlies 
soil or other unconsolidated surficial material. 

Gage height--the height of a water surface above an established 
datum. Stage commonly is interchangeable with the term 
"gage height." 

Glaciofluvial--pertaining to streams flowing from glaciers or 
to the sediments deposited by such streams. 

Ground water--water in the zone of saturation. 

Head, static--the height above a standard datum of the surface 
of a column of water (or other liquid) that can be 
supported by the static pressure at a given point. 

Hydraulic conductivity--the capacity of a rock to transmit 
water--usually described as the rate of flow in cubic 
feet per day through 1 square foot of the aquifer under 
unit hydraulic gradient, at existing kinematic viscosity. 

Hydraulic gradient--the change in static head per unit of 
distance in a given direction. 

Infiltration--the movement of water from the land surface 
toward the water table. 

National Geodetic Vertical Datum of 1929 (NGVD of 1929)--A 
geodetic datum derived from a general adjustment of the 
first-order level nets of both the United States and 
Canada, formerly called "Mean Sea Level." 

Porosity--a property of rock or soil containing interstices or 
voids, expressed as the ratio of the volume of its intersti­
ces to its total volume. 

Potentiometric surface--the surface that represents the static 
head. It may be defined as the level to which water will 
rise in tightly cased wells. A water table is a potentio­
metric surface. 

Recharge--the addition of water to the zone of saturation. 

Second-order stream--a method of numbering streams as part of 
a drainage basin network. The smallest, unbranched tributary 
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is called first order, the stream receiving the tributary is 
called second orde r. 

Sodium-adsorption ratio--the sodium-adsorption ratio (SAR) of 
water is defined as : 

SAR = 

where ion concentrations are expressed in milliequiv­
alents per liter. Experiments cited by the U.S. Salinity 
Laboratory Staff (1954) show that SAR predicts reasonably 
well the degree to which irrigation water tends to enter 
into cation reactions in soil. High values of SAR imply 
a hazard of sodium replacing adsorbed calcium and magnesium. 
This replacement is damaging to soil structure. 

Specific capacity--The rate of discharge of water from a well 
divided by the drawdown of the water level within the well. 

Specific conductance--electrical conductance is the ability of a 
solution to conduct an electrical current. The electrical 
conductivity of wate r is related to the concentration of ions 
in the water. Distilled water normally will have a specific 
conductance of about 1.0 mi cromhos per centimeter, whereas 
sea water may have a specific conductance of about 50,000 
micromhos per centimeter . Standard laboratory measurements 
report the specific conductance of water in micromhos per 
centimeter at 25° Celsius. 

Storage coefficient--the volume of water an aquifer releases or 
takes into storage per unit surface area of the aquifer per 
unit change in static head. 

Third-order stream- -the stream receiving a second-order tribu­
tary. 

Transmissivity--the rate at which water of the prevailing 
kinematic viscosity is transmitted through a unit width of 
the aquifer under a unit hydraulic gradient. It is equal 
to an integration of the hydraulic conductivities across 
the saturated part of the aquifer perpendicular to the flow 
paths. 

Zone, saturated--that part of the water-bearing material in 
which all voids, large and small, are filled with water 
under pressure of l atmosphere or greater . 
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METRIC CONVERSION TABLE 

The following factors may be used to convert the inch-pound units 
published herein to the International System (SI) of metric 
units. 

Multiply inch-pound units By 

Acre 0.4047 

Acre-foot 1,233 

Acre-foot per square 
mile (acre-ft/mi2) 

Cubic foot per second 
(ft3/s) 

Foot 

Foot per day (ft/d) 

Foot per foot (ft/ft) 

Foot per mile (ft/mi) 

Foot squared per day 
(ft2/d) 

Gallon per minute 
(gal/min) 

Inch 

Mile 

Square mile (mi2) 

0. 00123 3 

4 7 6. 1 

0.0283 2 

0.3048 

0.3048 

0.3048 

0.18943 

0.9029 

0.6309 

25.4 

l . 609 

2.590 
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To obtain SI units 

hectare 

cubic meter 

cubic hectometer 

Cubic meter per square 
kilometer 

cubic meter per second 

meter 

meter per day 

meter per meter 

meter per kilometer 

mete r squared per day 

liter per second 

millimeter 

kilometer 

square kilometer 



HYDROLOGIC CHARACTERISTICS AND POSSIBLE EFFECTS 
OF SURFACE MINING IN THE NORTHWESTERN PART OF 

WEST BRANCH ANTELOPE CREEK BASIN, 
MERCER COUNTY, NORTH DAKOTA 

By Mark E. Crawley and Douglas G. Emerson 

ABSTRACT 

The Beulah-Zap lignite bed in the Sentinel Butte Member of 
the Fort Union Formation (P aleocene age) occurs at depths of 0 to 
270 feet in the study area a nd vicinity. Strip mining, to supply 
a coal-fired electric generating plant and possibly a coal gasi­
fication plant, will commence in the area in the near future . 

Abundant discontinuous sandstone beds and lignite beds of the 
Sentinel Butte Member and sand and gravel beds in the Quaternary 
glaciofluvial deposits are the most important aquifers for 
domestic and livestock water supplies. Water levels in th e basal 
Sentinel Butte aquifer appear to be controlled by the level of 
Lake Sakakawea. In the Beulah-Zap lignite, water moves from the 
highland area in the west toward th e Quaternary deposits 
(Ant elope Creek aquifer ). In the Antelope Creek aquifer water 
move s from a gro un d -water divide northwestward to Lake Sakakawea 
and southeastward to ward the Knife River. 

Water in the basal Sentinel Butte aquifer generally is a 
sodium bicarbonate type . Water in the Beulah-Zap lignite is a 
calcium-magnesium sulfate or sodium bicarbonate type. Water from 
the Antelope Cr ee k aquifer ranges from a calcium-magnesium bicar­
bonate to a sodium bicarbonate type. 

The surface drainage in the study a r ea generally is well 
developed . The streams are ephemeral and most of the flow occurs 
during spring snowmelt. The chemical qu a lity of snowmelt runoff 
generally does not vary significantly from rainfall runoff. 
Surface water ranges from calcium-ma gnesium bicarbonate type to 
calcium-magnesium bicarbonate-sulfate type. 

Large water-level declines in wells completed in the lignite 
and shallower aquifers could be expected with mining. The 
effects probably would be limited to within 1 to 2 miles of the 
active min e . Surface-runoff duration could be al tered by 
inc reased infiltra tion and retention in the reclaimed a re a and 
possible temporal exte n sion of base flow could occur. Shallow 
ground water beneath mine sites would b e expected t o increase in 
dissolved solids and locally to have large sod ium a n d sulfate 
con ce ntrations. In some locations, movement of the more mineral­
ized water toward the Antelope Creek aquifer would be expected. 



INTRODUCTION 

The study area (28 mi2), which is in the Fort Union coal 
reqion, is the northwestern part of the West Branch Antelope 
Creek basin (fig. 1) in north-central Mercer County, North 
Dakota. The area was selected for study primarily because the 
location and availability of lignite deposits indicated that 
development of these deposits would occur in the near future and 
there could be significant hydrologic impact resultinq from the 
development. The major economic activities in the general area 
are aqriculture, lignite mining, and the production of energy by 
coal-fired generating complexes. Synthetic natural gas produced 
by coal gasification may become an economic product in the near 
future. 

Purpose and Objectives 

Preliminary studies (Benson, 1952 ; Croft, 1970, 1973) indi­
c~ted that proposed strip-mining activities in the West Branch 
Antelope Creek basin of North Dakota may result in changes in the 
streamflow, geochemical, and ground-water regimens. Some changes 
may be temporary, yet others may remain even after strip mining 
has ceased. Therefore, the purpose of this hydrologic investiga­
tion was to establish premining conditions as a standard to iden­
tify, measure, and evaluate any future chanqes. 

The specific objectives of the study were to: (1) Determine 
the premining hydrologic and qeochemical conditions in the 28 
mi2 area; (2) provide a premining data base from which to measure 
the magnitude of chanqe in the hydrologic system due to coal 
mining; and (3) determine the probable effects of mining on the 
water resources in the area. 

Location-Numbering System 

The location-numbering system used in this report is based on 
a system of land survey used by the U.S. Bureau of Land 
Management. The system is illustrated in figure 2. The first 
numeral denotes the township north of a base line, the second 
numeral denotes the range west of the Fifth Principal Meridian, 
and the third numeral denotes the section in which the well is 
located. The letters A, B, C, and D designate, respectively, the 
northeast, northwest, southwest, and southeast quarter section, 
quarter-quarter section, and quarter-quarter-quarter section 
(10-acre tract). For example, well 145-088-15ADC is in the 
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FIGURE 2.- Location-numbering system. 
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SW1/4SE1/4NE1/4 sec. 15, T. 145 N., R. 088 W. Consecutive final 
numerals are added if more than one well or test hole is recorded 
within a 10-acre tract. 

Acknowledgments 

This report was prepared by the U.S. Geological Survey in 
cooperation with the U.S. Bureau of Land Management. The authors 
express their appreciation to the Mercer County Board of 
Commissioners and the residents in the study area for their 
cooperation in the completion of this study. Paul Reynolds of 
Basin Electric Power Cooperative provided coordinating assistance 
for ground-water data collection at the new Antelope Valley 
generating complex. 

Future Development Plans in the Study Area 

Basin Electric Power Cooperative is building a coal-fired 
electrical generating complex in a tributary valley to West 
Branch Antelope Creek (fig. 3). Construction of this facility is 
now (1981) underway and the anticipated completion date is some­
time during 1982. A consortium of American Natural Resource Co., 
Peoples Gas Co., and others have started construction of a 
synthetic natural gas production facility adjacent to the 
e 1 e c t r i c a 1 genera t i on p 1 ant . North Am e r i can Co a 1 Co . w i 1 1 be 
providing lignite coal for both facilities. The initial proposed 
strip mine is located in sees. 18 an d 19, T. 145, R. 087, which 
lie just east of the tributary valley. The Federally-owned coal 
under lease consideration is shown on figure 3. 

Other construction plans for this area include: (1) A pipe­
line from Lake Sakakawea to provide water for cooling at the 
powerplant; (2) a canal system paralleling the tributary of 
Antelope Creek to route runoff water collected near both 
facilities; and (3) the construction of a railroad track to bring 
in construction materials for the new complex. 

Previous Investigations 

Several geologic and hydrologic studies have been made in 
southwestern North Dakota. Most of these studies were areal 
searches oriented towards exploration and appraisal of mineral 
resources. The earliest geologic investigations were made by 
Lloyd and Hares (1915) an d Stanton (1920). Recent geologic 
investigations have been made by Benson (1952), Johnson and 
Kunkel (1959), Denson and Gill (1965), Pipiringos, Chisholm, and 
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Kepferle (1965), and Kume and Hansen (1965). Bradley and Jensen 
(1962) made a ground-water study near Beula h and reported the 
results of their test drilling. Croft (1973) made a ground-water 
study of Mercer and Oliver Counties and Carlson (1973) reported 
on the geology of those two counties. Croft's and Carlson's 
reports provided much of the background information for this 
investigation. 

DESCRIPTION OF STUDY AREA 

Climate 

The climate of the West Branch Antelope Creek study area is 
cool and semi-arid. The mean annual temperature at Beulah for 
1959-78 as recorded by the U.S. Environmental Data Service 
(1960-79) was 4l.0°F (fig. 4A). January, with a mean temperature 
of 7°F, usually is the coldest month. The record low temperature 
at Beulah was -42°F during February 1959 and during January 1968. 
July, with a mean temperature of about 70°F, is the warmest 
month of the year. Record high temperature was 108°F during July 
1960. The average growing season is 120 days. 

The mean annual precipitation recorded a: Beulah for 1959-78 
was 16.5 inches (fig. 4B). The spring and summer 
(April-Septembe r) usually have the greatest amount of precipita­
tion, while the fall and winter have the least (fig. 4C). 

Physiography 

Part of a topographic feature known as the Beulah Trench lies 
w i t h i n the study are a ( Benson , 1 9 52 ) . The Be u l a h Trench ( f i g . 
5) is a glacial river valley extending from Lake Sakakawea 
southward to about 4 miles north of Beulah where it splits into 
two branches. One branch trends southwest toward Spring Creek 
and the other branch trends east-southeast toward Antelope Creek 
and the Knife River. 

The uplands in the western part of the study area have a 
maximum altitude of about 2,300 feet. The lowest altitude, l ,860 
feet, occurs at the downstream point of West Branch Antelope 
Creek where it leaves the study area. Maximum relief is 440 
feet. Much of the uplands are covered with thin glacial drift, 
however, isolated ridges and buttes are capped by sandstone, 
claystone, or "scoria"--a local term for fused or baked clay, 
shale, or sandstone that resulted from the burning of adjacent 
lignite beds. The valley floo r is covered with alluvium. 
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Principal streams in the general area are Spring Creek, 
Antelope Creek, and the Knife River. Drainage of all streams in 
the area is to the Missouri River. 

Geology 

Sedimentary rocks in the general area are about 12,500 feet 
thick and dip northwestward at 5 to 40 ft/mi. Paleozoic rocks 
are approximately 7,000 feet thick in northwestern Mercer County, 
and Mesozoic rocks are approximately 4,500 feet thick. 

Formations that overlie the Cretaceous Pierre Shale (table 1) 
and contain important aquifers are discussed in detail by Carlson 
(1973) and Croft (1973). These formations are the Fox Hills 
Sandstone and Hell Creek and Fort Union Formations, which range 
in age from Late Cretaceous to early Tertiary. The Fox Hills 
Sandstone and Hell Creek Formation were not included as a part of 
this investigation. The Fort Union Formation of Paleocene age 
and the Golden Valley Formation of Paleocene and Eocene age 
(Hickey, 1966) are the only be droc k units that are exposed in the 
study area. 

Glacial deposits of Pleist ocen e age cover much of the uplands 
of the study area, and alluvium of Holocene age covers the floor 
of the West Branch Antelope Creek valley. Carlson (1973) gave a 
detailed discussion of the glacial depos its in the general study 
area; therefore only a brief description is given in the 
following section. The relati onship and occurrence of the rock 
units in the area are shown in figure 6. 

Fort Union Formation 

The Fort Union Formation of Paleocene age underlies all of 
the study area. The formation is abo ut 1,200 feet thick and con­
sists of interbedded claystone, siltstone, sandstone, and 
lignite. The formation has been divided into the Ludlow, 
Cannonball, Tongue River, and Sentinel Butte Members. The 
Sentinel Butte Member is the only one that is exposed in the 
study area (fig. 6). 

Ludlow Member 

The Ludlow Member is a continental deposit that consists of 
olive-gray sandstone, siltstone, brown lignitic shale and 
claystone, and lignite. The top of the Ludlow occurs at depths 
of from 950 to 1,150 feet (Carlson, 1973) and the member is about 
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TABLE !.--Generalized stratigraphy of rocks in the study area 

Series 

Holocene 
Pleistocene 

Eocene 

Paleocene 

Upper 
Cretaceous 

Group, formation, member 

Approximate 
thickness, 

in feet Lithologic characteristics 

I I. 0-30 I Silt, sand, and clay. 
0-350 Silt, sand, gravel, glacial 

drift, and glacial outwash. 
Golden Valley Formation ? Gray claystone, siltstone, 

sandstone, shale, and 
lignite. 

Sentinel Butte 0-500 Interbedded sandstone, 
Member siltstone, claystone, and 

lignite. 
Fort Tongue River 400 Massive buff to gray 
Union Member sandstone, siltstone, 
Formation claystone, and lignite. 

Cannonball Membe r: greem sh-
annonball gray marine claystone, 

Member 300 siltstone, minor sandstone. 
Ludlow Member: gray 

Ludlow sandstone, siltstone, 
Member claystone, and lignite. 

I Hell Creek Formation 300 Interbedded gray sandstone, 
claystone, and shale. 

Fox Hills Sandstone 250 Grayish-white sandstone 
and interbedded gray 

Montana siltstone and shale. 
Group Pierre Shale 1,100 Dark-gray fissile marine 

shale with thin limestone 
concretions. 



102' 00' 
4 7° 30' 

25' ' 
I 

r 

20' 

47° 15' 

SA!$_ K t. WEA 

R. 89 W. 

101° 52' 

CORRELATION AND DESCRIPTION 
OF MAP UNITS 

~ "~:-::~~.":., ~~~ ... :::::.:::~, o• tt•-c• olu co .-.. •"<~ ,_..., } HOioc- • 

~ 
~ 

f:~~o j 

~ 
J~ ;~b' I 

OLACIAL OI P QSil S ._..,.._ tl • v t.c l•o "" .,,._,.., ,.., . } 
ol..-oo•h cte,. -I)Ovi(M" L•u._ Ot"' t-<C>""' 
....... o ....... .,"'9f•·"• 

"'•lo •o<-• 
GL A CIAL 0£1105 11 5 s.,... ,..,_ 0..1 ,..., , ... ._.. """ ' -" ·--k ...... v..., ..... .., ·-.. ·- · , _ ....... 

... ........ oc ... - •- • 

' 0 1'1T U~I ON ~ O A ... AI IO N ........... 8 v oo e ... __ Ovtl l 
,.., - ,... . ..... , . .... , ot "" c<e-., ·- - ,..,.,, . Oefo• " ••-· -
••·• - ·1· .. - - ... ,. 

----CONTACT 

e TEST HOLE 

AL__________JA'TRACE OF SECTION 

saw. 

3 4 5 MILES 

A. 87 w. 
Geology modified from 
Benson, 1952 and 
Carlson, 1973 

FIGURE 6.-Surficial geologic map of the study area and vicinity. 

12 

T 14 6 N 

T 145 N 

144 N 



80 feet thick in the study area. It generally dips northwestward 
at about 10 to 20 ft/mi toward the center of the Williston basin. 

Cannonball Member 

The Cannonball Member represents the youngest marine strata 
in the northern Great Plains. The Cannonball consists of inter­
bedded olive to greenish-black siltstone and nearly impermeable 
claystone and shale and minor sandstone. This member occurs at 
depths of 750 to 960 feet in the study area (Carlson, 1973). It 
has a local thickness of 180 to 200 feet and dips northwestward 
at about 10 to 20 ft/mi. The fine-grained sedimentary rocks of 
the Cannonball act as a confining bed to aquifer systems above 
and below the member. 

Tongue River Member 

The Tongue River Member consists of continental deposits. 
The Tongue River consists of interbedded light-olive-gray to 
greenish-gray claystone , siltstone ~ sandstone, and lignite 
that weather to light gray and light yellowish gray in outcrop 
exposures. Lignite beds are common in the Tongue River, but in 
the study area there are no mineable lignites in this member. 
Sandstone comprises about 10 percent of the Tongue River Member, 
while siltstone and claystone comprise about 70 to 80 percent, 
and lignite comprises about 10 percent. The Tongue River occurs 
at depths of 300 to 600 feet and is about 400 feet thick in the 
study area. 

Sentinel Butte Member 

The Sentinel Butte Member is a lignite-bearing, nonmarine 
unit of Paleocene age. It is very similar in lithology to the 
Tongue River; however, its outcrop is darker in color. The 
Sentinel Butte consists of interbedded sandstone, siltstone, 
claystone, limestone, and lignite. Sandstones comprise about 30 
percent of the member, whereas siltstone and claystone comprise 
about 65 percent, and lignite only a few percent. There usually 
is a sandstone at the base of the member. 

The Sentinel Butte Member is conformably underlain by the 
Tongue River Member. In most of the study area the Sentinel 
Butte Member has been extensively eroded and is overlain by 
glacial sediment; however, it is conformably overlain by the 
Paleocene and Eocene Golden Valley Formati on in a small area. 
The Sentinel Butte crops out along the sides of the valleys (fig. 
6) and locally caps ridges and buttes. It generally is 300 to 
500 feet thick in the study area. In the western part of the 
study area the member oc curs at a maximum altitude of 2,123 feet 
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in well 145-088-16BBB, and has a thickness of about 500 feet. It 
has been eroded to an altitude of about 1,975 feet on the eastern 
side of the study ar.ea ( f ig. 7), where it is about 300 feet thick 
(well 145-087-29BBB). 

The Sentinel Butte Member contains several lignite beds, 
including the Stanton, Spear, Insert, Beulah Zap, and Schoolhouse 
beds. The Beulah-Zap is the main lignite bed to be mined. It 
occurs at a depth of 0 to 270 feet in the study area and has an 
average thickness of 20 feet. A regional trend is not discer­
nible on the structural-contour map (fig. 8) of the Beulah-Zap 
bed. There are minute folds and warps that are not reflected in 
the contours. These were apparently due to differential compac­
tion during Pleistocene glaciation . 

Golden Valley Format i on 

The Golden Valley Formation is Eocene in age and consists of 
claystone, siltstone, shale, minor carbonaceous beds, and some 
sandstone. The formation usually is very light gray and weathers 
to a bright yellowish and orange gray. The Golden Valley confor­
mably overlies the Sentinel Butte and crops out in the study area 
in T. 145, R. 88, s ees. 5, 6, and 9 (f i g. 6). Thickness is 
variable , depending on the degree of er osion. The thickness of 
the Golden Valley in the study area was not determined because of 
limited outcrop exposures. 

Glacial and Al l uvial Deposits · 

Pleistocene glacial and Holocene alluvial deposits cover much 
of the surface of the study area (fig. 6). The glacial deposits 
in the uplands consist of f rom 0 to 60 feet of till, which is 
characterized by intermi xed dar k-brown clay , silt, sand, pebbles, 
and large boulders. The thick e st deposits occur in the western 
part of the study area. The intermixed pebbles usually consist 
of scoria, limestone or dolomite, and igneous and metamorphic 
rock fragments. The lands c ape in the study area is littered with 
large boulders derived from melting and retreating glaciers. 

Glacial deposits that occur in the Beulah Trench consist of 
glaciofluvial sand and gravel interbedded with silt and clay 
(fig. 9). Maximum recorded thickness in the study area is 350 
feet in well 145-088-25BAB. Beulah Trench has incised all of the 
Sentinel Butte Member and the glacial deposits rest upon the 
Tongue River Member (fig. 7). Overlying much of the Beulah 
Trench glacial deposit is 10 to 30 feet of alluvium, which con­
sists of dark silt and clay derived from the uplands adjacent to 
the valley. 
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Soils 

Soils in and around the study area consist primarily of three 
general types based on the origin of the material (fig. 10). The 
soils overlying the glacial deposits of the Beulah Trench were 
weathered from alluvium. These soils generally are deep, well 
drained, and very permeable. They have a large potential for 
development of cultivated crops or range grasses. The predomi­
nant soil is the Straw series (U.S. Department of Agriculture, 
Soil Conservation Service, 1978). 

The soils on the steep slopes adjacent to the Beulah Trench 
and on scattered high areas in the uplands were weathered from 
the soft sandstones of the bedrock. They are predominantly of 
the Cohagen and Cabba series (U.S. Department of Agriculture, 
Soil Conservation Service, 1978). They usually are shallow, well 
drained, and very permeable. Almost all acreage where these 
soils dominate is in native grasses and is used as rangeland. 

The undulating to rolling uplands of the area generally are 
covered with soils weathered from glacial till, with scattered 
patches of soil of alluvial and bedrock origin. The predominant 
soil in the uplands is the Williams series (U.S. Department of 
Agriculture, 1978), however, generally in combination with other 
series. The soils are deep and well drained, but generally lP.ss 
permeable than the types discussed previously. Where the 
Williams series is dominant, the soil has good to fair potential 
for cultivated crops. Where the other series dominate or where 
land slopes are steep, the soil commonly is better suited to 
rangeland. 

GROUND-WATER HYDROLOGY 

Lignite beds, abundant discontinuous sand intervals in the 
sedimentary rocks of the Sentinel Butte Member, and the glacio­
fluvial sand and gravel deposits of Beulah Trench are important 
aquifers in the general area. Domestic and livestock water 
supplies in the study area are obtained almost entirely from 
these aquifers. 

The hydrologic analyses of the aquifers is based primarily on 
previous studies in the general area and the data collected from 
a network of observation wells (fig. 11) installed in the study 
area. The location, water levels, and other related information 
for selected wells from the network are listed in table 2. 
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TABLE 2.--Selected data for 27 wells in the study area and vi ci ni ty and 
water le ve l of Lake Sak akawea 

Sc r eened Feet above National Geodetic Vertical Datum of 
depth 

(feet below Top of Grounc1 - Water-level 
ground screen surface altitude 

Well location surface) altitude altitude J uly 1978 

Basal Sentinel But te aquifer 

l45-087-29BBB 293-305 1,699 2,004 1, 847.4 
l 45-088- l6AAD l 420-426 l ,644 2,070 1, 847. 3 
l 45- 088- 26ABA 258-264 1,706 l ,970 1,853.6 

Beu l a h-Zap lignite a(]uifer 

l45- 088-06DCC 317-323 l ,947 2,270 l ,976 
l45-088- l 6AAD2 168-174 l ,908 2,082 l ,976 
l45-088- l6 BBB 239-245 l ,947 2, 192 l ,967 
l45-088-l6CCD 258-269 l ,919 2,188 
l45-088-l7C CC 237-243 l, 9 37 2,180 l ,983 

145-088- l 8BBB 296-302 l , 961 2,263 2,025 
145-088-20000 234-240 l , 931 2,171 l ,983 
l45-088-26BAA 64-70 l , 90 1 l, 971 l , 931 
l 45-088-27BRB2 226-232 l , 924 2,156 1,964 
145-088-28000 234-?.40 l, 92 1 2,161 l '976 

145-088-29000 199-205 1 , 933 2,138 2,046 
145-089- 36AAA l 207-219 1 ,914 2 ,133 1,984 
146-088-30000 1 183- 195 1 , 915 2, ll 0 1 ,960 

Antelope Creek aquifer 

145-088-02CCC1 236-242 1 ,680.7 1, 922 . 7 l ,85 4.3 
145-088-02CCC2 100- 110 1,812.5 1,922.5 1,877.6 
145-088-03BBB 90-100 1,830 .0 1 ,930 . 0 1,872.1 
145-088- 11ABA ll 7- 120 1 ,821 .0 1,941. 0 1,888 . 2 
145-088- 11 DOD 80-86 l ,86 4.0 l ,950.2 l,Q1 6.8 

145-088-13BAR 74- 80 1 ,870 . 0 1 ,950 . 0 1,907.3 
145-088-25AB B1 210-2 16 1 , 692 . 7 l ,908. 7 1,847.3 
145-088-25ABB2 90- 100 1,808 .8 1,908.8 1 ,8 79. 1 
l45-088-25BAB 338-341 l , 569 . l 1,910 .1 1, 847 .1 
146-088-21 ODD 218-224 l ,629 1 ,852 .8 1,8 47.4 

146-088-27CCD 58-64 1 ,819 . 0 l ,883 1,859.4 

Lake Sakakawea 

l , 848 
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Basal Sentinel Butte and Beulah-Zap Lignite Aquifers 

The Sentinel Butte Member consists mostly of fine-grained 
clastic sedimentary rocks, and generally is not an aquifer. Fine 
grain size and the large clay mineral content result in minimal 
hydraulic conductivity. However, individual beds of poorly 
cemented sandstone and lignite in the member may have greater 
hydraulic conductivity. 

Generally the sandstones occurring in the Sentinel Butte in 
the study area are poorly cemented but, because they are poorly 
sorted and have large clay content, they have limited hydraulic 
conductivity. The porosity of the sandstone ranges from less 
than 5 percent to a maximum of about 45 percent. The aggregate 
sandstone thickness in the Sentinel Butte varies greatly (fig. 
12). Most of the sandstone occurs as a basal unit (fig. 7), 
which forms the basal Sentinel Butte aquifer. 

Alger (1966) describes a technique for determining the 
hydraulic conductivity of sand aquifers from resistivity logs. 
Croft (1971) used this technique in a study of the Fox Hills 
Sandstone in North Dakota. Croft • s study showed close agreement 
between hydraulic conductivity calculated by Alger•s method and 
that determined by aquifer test i ng. Analyses of resistivity logs 
from the basal Sentinel Butt e s andstone using Alger•s method 
yielded values of hydraulic conductivity that ranged from 2 to 6 
ft/d. 

Lignite beds form aquifers in many parts of western North 
Dakota. The Beulah-Zap lignite bed forms a shallow confined 
aquifer on the western side of the study area. Hydraulic conduc­
tivity and direction of ground-water flow in this lignite bed 
probably are controlled by fractures and joints, and therefore, 
vary from one location to another. Analyses of the Beulah-Zap 
lignite aquifer using Alger•s method yielded fairly consisten~ 
values for hydraulic conductivity of 0.5 to 2.0 ft/d. However, 
the validity of this type of analysis for aquifer material such 
as lignite is not clear. 

The horizontal hydraulic gradient in the Beulah-Zap lignite 
aquifer (fig. 13) is about 25 ft/mi. There are insufficient 
data on horizontal permeabilities in the lignite to estimate 
average velocity. The horizontal gradient in the basal Sentinel 
Butte sandstone could not be defined with available data (fig. 
1 4 ) • 

The water-level data for the basal Sentinel Butte sandstone 
(fig. 14) do not define a gradient across the study area and 
appear to be controlled by the level of Lake Sakakawea. The lake 
probably acts as a constant hydraulic-head boundary for the 
aquifer in the basal Sentinel Butte sandstone and may provide 
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part of the recharge to this aquifer. Some recharge also is 
derived from small amounts of leakage through overlying sedi­
ments. There are no known areas of discharge for the basal 
Sentinel Butte sandstone in the study area. 

From figure 13 it is evident that water in the Beulah-Zap 
lignite aquifer moves from the highlands area in the west toward 
the West Branch Antelope Creek tributary valley. The lignite 
acts as a water-table aquifer near the outcrop along the West 
Branch Antelope Creek tributary valley. Discharge from the 
lignite occurs along the valley flanks as seepage from small 
springs. Although no flow measurements were made, visual inspec­
tions indicate that the discharge is minimal and, during the 
growing season, the discharge is consumed by evapotranspiration. 

Recharge to the Beulah-Zap lignite aquifer results from down­
ward leakage from overlying sediment s and by infiltration of pre­
cipitation in areas of outcrop and thin ove~burden cover. The 
hydrograph of well 145-088-26BAA, screened in the Beulah-Zap 
lignite aquifer is shown in figure 15. The water level shows 
little change through the summer and fall of 1977 due to pro­
longed precipitation recharge, and then declines during the 
winter months. The water level shows a sharp rise during the 
spring and summer months of 1978. This can be explained by the 
location of the well and the relation of the lignite bed to 
available recharge from precipitation. The Beulah-Zap lignite 
bed in the area of this well is overlain by only 60 feet of over­
burden, of which the uppe r 20 to 30 feet consists of a permeable 
glaciofluvial sand and gravel deposit. The topography near this 
well is lower than the surround ing area; thus, during the spring 
snowmelt period large quantities of surface runoff water pools 
and infiltrates to recharge the lignite bed. The water level in 
well 145-088-26BAA declined rapidly from September 1978 to the 
spring of 1979 which would indicate a fairly rapid discharge from 
the lignite. 

Ante l ope Creek Aquifer 

The Antelope Creek aquifer occurs in the Beulah Trench 
between Lake Sakakawea and Spring Creek and the Knife River 
(fig. 5). The aquifer is less than 1 mile wide and is approxi­
mately 16 miles long, extending beyond the study area. The 
deposits forming the aquifer consist of glaciofluvial sand and 
gravel interbedded with silt and clay. Overlying these deposits 
are from 10 to 30 feet of alluvium composed of sandy silt and 
clay. The aquifer has a maximum recorded local thickness of 350 
feet in well l45-088-25BAB (fig. 9). The glaciofluvial material 
overlies the Tongue River Member of the Fort Union Formation 
(fig. 9). The sand and gravel deposits of the aquifer for the 
most part are unconsolidated and very permeable. 
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The Antelope Creek aquifer (fig. 9) has two basic units; a 
thick and continuous sand and gravel unit at the base, overlain 
by a unit of interbedded sand, gravel, silt, and clay. The basal 
sand unit has a maximum known thickness of 140 feet in well 
145-088-25BAB in the center of the aquifer near the southern end 
of the study area. Thickness decreases to less than 50 feet in 
well 145-088-02CCC near the north end of the study area, and 
again increases to a thickness of 120 feet in well 146-088-21000 
near Lake Sakakawea. The hydraulic conductivity of the basal 
unit, as estimated from grain-size and grain-sorting charac­
teristics, ranges from 100 to 200 ft/d. Yields as great as 800 
gal/min could be obtained with 20 feet of drawdown in the thicker 
parts of the aquifer. The overlying interbedded sand, gravel, 
silt, and clay has a similarly estimated hydraulic conductivity 
of 10 to 40 ft/d. 

Basin Electric Power Co. performed an aquifer test in the 
Antelope Creek aquifer near the location of their new coal­
fired electric generating complex using a well (145-088-12COC) 
near observation well 145-088-13BAB. Analysis of data from the 
72-hour, 310-gal/min test ind icated a transmissivity of 18,000 
ft2/d and a storage coefficient of 0.0003. 

The transmissivity of the Antelope Creek aquifer at various 
other points was determined by summing the total thickness of 
each type of material and multiplying that thickness by the 
material's estimated specific hydraulic conductivity and then 
summing the products. Values of transmissivity obtained by esti­
mation from formation characte ristics agree well with values 
determined from the aquifer test. The estimated transmissivity 
of part of the Antelope Creek aquifer is shown in figure 16. 

Water levels in wells screened in sand beds in the Antelope 
Creek aquifer indicate that water moves from the surface down­
ward. The horizontal hydraulic gradient measured in the sand and 
gravel beds in the upper unit ranges from 4 to 16 ft/mi. North 
of well 145-088-13BAB ground-water flow in the upper unit is 
northward toward Lake Sakakawea, and south of this well flow is 
southward (fig. 9) toward the Knife River. The area near this 
well is a ground-water divide for the upper unit. 

The upper unit of the Antelope Creek aquifer is recharged by 
infiltration of precipitation. The relationship of precipitation 
and the water levels in wells screened in the upper unit of the 
aquifer is shown in figure 17. The water-level decline in well 
145-088-25ABB2 from July 1977 to March 1978 indicates a decrease 
in the amount of water in storage in the aquifer during the fall 
and winter. Water levels in the well rose sharply from April 
through June 1978 and maintained a high level through late fall 
and winter, indicating rapid infiltration and continuing recharge 
from snowmelt and rainfall during the spring and summer. The 
maintenance of high levels into the winter of 1978-79 and not 
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during 1977-78 could not be explained through precipitation 
records but may have been caused by antecedent conditions or tem­
poral and areal spacing of the rainfall. The water level 
declined again during early 1979 due to lack of recharge and 
decrease in storage from continuing natural discharge. 

The hydrograph of well 145-088-13BAB follows similar seasonal 
fluctuations to well 145-088-25ABB2. Response differences 
probably are due to areal rainfall variability. 

The basal sand and gravel unit of the Antelope Creek aquifer 
is a very permeable conduit connecting Lake Sakakawea and the 
Knife River. Howev er, at this time data are not sufficient to 
determine whether or not movement of water from the lake to the 
Knife River ever occu rs. Lake Sakakawea acts as a constant 
hydraulic-head boundary for the basal aquifer unit. The pool 
elevation of the lake is reflected in water levels of wells in 
the basal unit. Well 146-088-21DDD is located at the north end 
of the Antelope Creek aquifer less than 0.5 mile from the edge of 
Beaver Creek Bay of Lake Sakakawea. As the lake level fluc­
tuates, the water level in this well reflects the change very 
rapidly (fig. 18). Well 145-088-02CCC1 is located approximately 
4 miles from Beaver Creek Bay; its water level also reflects the 
level of the lake but with a dampened effect and with several 
days de 1 ay. 

When Lake Sakakawea is at maximum pool altitude (1 ,850 
feet), the lake recharges the Antelope Creek aquifer. As the 
lake level declines, the dir ection of flow is reversed, and water 
moves from the aquifer to Lake Sakakawea. 

The horizontal hydraulic gradient in the basal unit is very 
gradual and fluctuates with changes in the level of the lake. 
The vert i c a 1 hydra u 1 i c grad i en t i n the bas a 1 a q u i fer u n i t i s 1 e s s 
than 0.1 ft/ft. The potentiometric surface of the basal Antelope 
Creek aquifer when the 1 evel of the 1 ake is at 1 ,845 feet (June 
15, 1978) is shown in figure 19. 

GEOCHEMISTRY AND GROUND-WATER QUALITY 

The principal source of r echarge to the regional aquifer 
system in the study area is precipitation. Thus, the chemical 
composition of the ground water is determined largely by the 
water-rock interactions that occur enroute from the atmosphere to 
the sample location. Oxygenat ed water infiltrating during preci­
pitation reacts with some mineral matter and dissolved soil gases 
as it percolates downward toward the water table. Thus, water 
entering the ground-water system usually contains concentrations 
of oxidized solutes alien to the reducing environment below the 
water table. Further reaction between the water and rocks will 
cont i nue as the ground water migrates downward and laterally. 
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Current understan ding of the factors af f ecting the amount 
and species of constituents dissolv ed in ground water is based 
largely upon the principles of equilibrium thermodynamics. Water 
will dissolve a mineral until the concentration of ions 
comprising the mineral reaches a maxim um value in solution 
determined by the mineral •s equi librium dissociation constant. 
The precipitation of a mineral phase is controlled by the stabi­
lity constant. 

The concentration df dissolved constit uent s usually is 
greater in older, deeper occurri ng gro und wa ter. The con­
centration usually increases as the water mo ve s from recharge to 
discharge zones, re fl ec ting the increa sed time of contact between 
water and rock. Thus, where the aque ous environment and asso­
ciated minerals are not in tru e equilibr ium, thermodynamics can 
provide a framework for determining what fu ture reactions may 
occur. In addition, for shallow aquifers where temperature, 
pressure, and chemical environment may be considered as constant, 
if the specific water - ro ck interactions affectin g water com­
position are identified , the kinetics of these processes may be 
est ima ted from the ground-water comp os ition s of both recharge and 
discharge zones. Micr obial activity can affect the rates, but 
not the products , of equilibrium processes like precipitation, 
dissolution, cation exchange, an d oxidati on or reduction during 
water-rock interact io n. 

To understand the water -rock reacti ons that probably are 
active wi thin the West Branc h Antelope Creek study area, it is 
necessary to know t he so lubility of minerals and the chemical 
spec ie s available to infiltrat ing water. In addition, the 
mineralogy and chem ical composition of the rocks encountered 
below the water table, the exchange capacity of these rocks, and 
the chemical composition and spatial var iation of reactant ground 
waters need to be know n. 

Mineralogy 

Samples collected from cores 77-101 and 77-103 were analyzed 
by X-ray diffracti on to determine their mineralogic composition 
(table 3). In general, the me thod first detailed by Schultz 
(1960) was used to quantify the results. However, where 
noncrystalline mat eria l was indicated, minerals were first quan­
tified with respect to internal standards and then the amorphous 
material defined as the residual needed to comprise 100 percent 
of the sample. 

Glacial till overlying the Sentinel Butte Member at the core 
sites is mineralogically very uni form. The till is composed of 
25 to 35 percent quar tz, 25 to 33 perc e nt smectite, and 10 to 33 
percent illite. Dolomite can locally exceed 10 percent of the 
till. 
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TABLE 3.--Quantitative X-ray diffraction analyses of core material from two locations in the study area 
(perce nt minerals) 

Depth Amorphous 
(feet) Qu artz Plagioclase Orthoclase Calcite Dolomite Gypsum Kaolinite Ch lorite Smectite Illite matter Lithology 

Core 77- 101 Location 145-088-14BBB 

0- 18 25 5 1 1 5 0 0 2 33 33 -- Glacial till. 
30-35 25 10 1 1 5 1 0 3 25 30 -- Glacial till. 

37-38 25 5 1 1 2 0 0 3 25 35 -- Shale. 
47-48 45 15 10 0 10 0 0 2 12 6 -- Silty sand. 
56-57 50 1 1 1 1 1 0 2 35 10 -- Carbo naceous shale. 

71 - 72 25 5 0 5 0 3 0 6 40 13 0 Sha le-pyrite and limestone 
nodules. 

81-82 15 5 1 5 2 0 0 a / 12 10 42 0 Shale. 
91 -9 2 15 5 1 1 1 0 0 ~;, 5 15 36 0 Silty sand. 

103-104 40 10 5 1 5 0 0 10 10 20 0 Light shale . 
122-123 25 5 0 2 5 0 0 7 25 32 0 Silty shale, dark . 

w 137-138 5 0 0 15 0 1 0 0 1 1 75 Lignite. (.}1 

151-152 30 10 2 0 0 2 0 5 25 30 0 Shal e . 

Core 77-103 Location 145-088-22DCC 

12 35 5 0 8 12 0 0 2 28 10 0 Glacial till. 

25-26 21 12 1 1 10 3 0 5 25 25 0 Sandy clay . 
36-37 35 15 4 2 1 0 0 1 30 10 0 Sandy clay. 
50 25 15 2 1 2 0 1 2 38 10 0 Sandy clay . 
67-68 35 21 7 2 2 0 0 3 20 10 0 Sandy clay. 

77-78 25 15 15 ~/45 0 0 0 0 0 0 0 Cemented sandstone. 
87-88 40 15 2 1 1 0 0 1 32 8 0 Sandy clay. 

109-110 60 14 1 1 0 0 0 1 20 4 0 Sandy cl ay. 
148-149 25 3 1 1 1 1 ~/3 8 35 25 0 Silty shale. 
158-159 30 23 2 0 5 1 1 4 20 14 0 Uncemented sandstone. 

185-186 15 3 0 6 4 1 0 ~110 60 4 0 Shale. 
197-198 40 6 4 5 ~Ill 1 0 5 10 17 0 Silty sand. 
209-210 20 5 0 3 4 0 0 a/lQ 21 34 0 Silty shale. 
222-223 25 5 0 5 4 0 0 ~/ 9 18 30 0 Sha 1 e. 
243-244 10 0 0 1 1 2 0 0 1 3 80 Lignite. 

a/ Presence of this mineral phase co nfirmed ; quantity estimated by the difference method. 



Because the Sentinel Butte Member ranges from silty sandstone 
to shale and lignite, it is mineralogically complex and variable. 
Excluding carbonaceous and lignitic units, quartz comprises from 
15 to 60 percent of the material and is greatest in the sandy and 
silty units where silica cement is abundant . Plagioclase 
feldspar ranges from 3 to 23 percent and orthoclase feldspar from 
1 to 15 percent. The greatest feldspar concentrations occur in 
the sands. Carbonate mineral concentrations range from 1 to 45 
percent and average about 6 percent. Dolomite generally is more 
abundant than calcite except in shaly zones and sandstones that 
are cemented. Gypsum concentrations average less than 1 percent, 
and probably reflect the solubility of this mineral. Clay 
minerals are very abundant ; smectite and illite dominate. 
Kaolinite was detected in only three samples. 

Most clays appear to be detrital in origin. However, 
because clay minerals now form a dense nonporous matrix in most 
samples, the contribution of clay minerals from diagenetic pro­
cesses is uncertain. Where obs erved, volcanic glass shards are 
clouded by alteration to clays, mostly smectites. Also, lithi­
clasts and mineral fragments commonly display clays masking 
crystal surfaces or filling cracks, indicating diagenetic pro­
cesses have affected the Sentinel Butte. Diagenetic alteration 
of volcanic debris to clay minerals could have been important in 
the past in decreasing void porosity in the member (Krauskopf, 
1967, and Papike, 1969). 

Two samples of lignite from the upper part of the Sentinel 
Butte Member consisted of 75 to 80 perce nt amorphous matter 
believed to be organic compounds . Qua rtz and calcite were the 
dominant crystalline components in the lignite beds. Small quan­
tities of dolomite, gypsum, and clay minerals also were detected. 
Swanson and others (1974) analyzed eight samples of the 
Beulah-Zap lignite and found iron sulfide concentrations ranging 
from 0.08 to 2.40 percent. Although pyrite , marcasite, and hema­
tite were observed petrograph ically in some samples, they were 
not detected by X-ray diffraction in the samples studied. 

A dark shale penetrated at 56 feet in core 77-101 originally 
was petrographically described as carbonaceous. However, X-ray 
diffraction indicated no major noncrystalline component . 
Instead, it was found to be composed of 50 percent quartz, 35 
percent smectite, 10 percent illite, and contained small amounts 
of feldspar, calcite, dolomite, gypsum, and chlorite. 

Leaching Potential 

As most physiochemical properties governing the leaching 
potential of soils within the study area have been previously 
determined by the U.S. Department of Agriculture, Soil 
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Conservation Service (1978), this investigation centered on the 
properties of rock below the soil zone. Samples collected from 
core 77-103 were subjected to leaching and soluble-salt analyses 
using the procedures of Sandoval and others (1973). The results 
of these analyses (table 4) indicate the locations and relative 
amounts of available water-s oluble ionic species. 

Leachates from samples above the Beulah-Zap lignite bed 
(shallower than 235 feet) were alkaline, with a maximum pH of 
9.60 at 158 feet. The leachate from samples above 87 feet 
generally were calcium-magnesium bicarbonate in type. Only 
leachate from a sa~ple at 25 feet rich in secondary gypsum is 
enriched in calcium sulfate. The leachates from samples at 87 
feet and below are predominantly sodium bicarbonate in type, 
possessing smaller concentrations of calcium, magnesium, and 
sulfate. 

Leachates from samples within the lignite zone were enriched 
in sodium and sulfa te with some calcium and magnesium. The large 
sulfate concentrations may reflect oxidation of iron sulfides in 
the lignite by oxygenated ground water: 

( 1 ) 

As a result, these solutions are mildly acidic, with a pH of 5.00 
in the Beulah-Zap lignite bed. 

At pH values greater than pH=3 and in the presence of suf­
ficient oxygen, the released iron will precipitate as iron 
sesquioxides, usually as grain coatings. Hematitic coatings were 
observed in thin sections of some shallow Sentinel Butte sedi­
mentary rocks. 

Reaction (1) is rapid especially in near-surface sediments 
where the atmosphere provides a limitless source of oxygen. 
Oxygenated precipitation reacts with available pyrite to generate 
pore fluids enri~hed in hydrogen (H+), sulfate (So42-), and 
ferrous iron (Fe +) ions. This reaction normally is coupled with 
the dissolution of carbonate minerals by this slightly acidic 
water: 

( 2 ) 

As carbonate dissolution proceeds , the pH and calcium (ca2+), 
magnesium (Mg2+), and bicarbonate (HC03-) concentrations of the 
water may be expected to increase. 

Removal of the sulfate by calcium may account for the small 
amount of gypsum detected i n the surficial sediments. Because 
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TABLE 4.--Composition of leachate from samples of core 77-103 

Milliequivalents per 100 grams of leachate 
Specific 

conductance 
Sample (micromhos per Bicar- Sulfate Chloride Carbo- Calcium Ma~nes- Sodium Po~as-
depth centimeter pH bonate nate 1um s1um 

- 2- - 2- ( 2+) ( 2+) ( +) ( +) (feet) at 25°Celsius) (units ) (HC03) (S04 ) (Cl ) (C03 ) Ca Mg Na K 

12 133.0 8.52 0.92 0.50 0.15 0.10 0.68 0.50 0.34 0.05 
25 1,090.0 8.90 .80 11.30 .14 .12 8.90 2.70 .50 .04 
36 81.0 7.95 .50 .27 .05 0 .23 .20 .35 .05 
50 51.7 7.74 .47 .30 .06 0 .40 .04 .38 .02 
67 105.6 8.41 1.10 .30 .04 .05 .30 .44 .66 .04 

00 87 97.1 7.90 .58 .47 .06 0 .50 .05 .60 .01 
109 59.0 6.92 .37 .34 .07 0 .33 .10 .26 .04 
148 309.0 9.07 3.30 .90 .22 .20 .35 .15 3.85 .08 
158 372.0 9.60 2.75 1.20 .14 .24 .20 .10 3.90 .08 
168 502.0 8.40 2.22 3.35 .10 0 .27 .08 5.33 .02 

185 568.0 8.98 4.83 2.00 .11 .19 .46 .04 6. 74 .03 
197 550.0 9.47 3.65 2.13 .13 .16 .12 .10 5.98 .02 
209 544.0 9.10 6.98 1.05 .14 .27 .20 .31 8.16 .05 
223 531.0 9.11 5.22 1.35 .11 .30 .26 .04 6.76 .03 
233 372.0 8.20 2.91 1.70 .1 6 0 .20 .04 4.57 .04 

243 2,270.0 5.00 .25 24.50 .07 0 4.15 3.30 17.41 .08 
266 1,056.0 6.23 .65 10.45 .08 0 .30 .05 10.55 .03 



of the infrequency of infiltration in the area, pore water 
usually undergoes concentration by evaporation resulting in 
locallized precipitation of gypsum that may temporarily decrease 
sulfate concentrations in the water passing to the water table. 
However, subsequent infiltration of precipitation can produce 
even more concentrated sulfate waters upon dissolution of this 
secondary gypsum. Similar dissolution of carbonate minerals pre­
sent in rocks underlying the Beulah-Zap lignite by sulfate waters 
may be expected to have a buffering effect on this slightly aci­
dic leachate, neutralizing the sulfuric acid and restoring the 
water to bicarbonate type. 

The results of the leaching experiments also indicate that 
the amount of currently available leachable material increases 
with depth, perhaps indicating a decrease in water reactivity 
with depth due to progressive saturation of downward percolating 
water with the solub le material. Presumably, future leaching 
will be effective at progressively deeper levels. 

Cation-Exchange Potential 

From a general chemical point of view, the most important 
clas s of minerals in soils and rock are those having ion-exchange 
capacity. These minerals possess most of the total inorganic 
surface area in soils and many sedimentary rocks (Bolt and 
Bruggenwert, 1976), thus having a large potential for water-rock 
interaction. Within the unsaturated zone, these same minerals 
also have a major effect on water retention and other physical 
properties. Further, as the rates of ion-exchange reactions are 
fast, relative to most other types of water-rock interaction 
(Garrels and Mackenzie, 1967), the effects of these minerals on 
water chemistry is most readily noticeable. 

Samples obtained from core 77-103 at the same intervals 
selected for mineralogic determination were subjected to 
exchangeable-cation analysis (table 5). Because soils, glacial 
deposits , and Sentinel Butte sands in the study area have similar 
clay mineral composition, the exchange potentials were found to 
be comparable. The clay minerals in the Sentinel Butte sands 
were deposited in an excessive sodium environment at the margin 
of a regressive sea (Carlson , 1973, and Rehbein, 1978) and would 
thus be expected to be predominantly sodium in character. 
However, the amount of natural exchangeable sodium in this core 
decreased sharply up-core, and calcium and magnesium became the 
dominant exchangeable cations above 110 feet. 

Numerous investigators (Renick, 1925; Tettenhorst, 1962; 
and Mackenzie, 1963) have demonstrated the preference of charge­
deficient clays for divalent over univalent cations. Laboratory 
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TABLE 5.--Exchangeable cation analyses of co re 77-103 

Percent 
total 

exchangeable 
Mi lliequival ents per 100 ~rams species 

Sample Cation Calcium Ma~nesium Sodium Potassium Stront ium L ithi urn Zinc ~1o 1 ybden um Barium Iron t~anganese Percent sodi urn 
depth exchange 

rc/+l (Mg2+) (Na + l (K+) (Sr2+l (L i+) (Zn 2+) (Mo3+l (B/+) (Fe3+) (Mn 3+) (Na+) ( feet) capacity 

12 20 15 3.0 0. 35 0.33 0.03 0 0.002 0 0.03 0.001 0 2 
25 35 27 6.0 .41 .87 .09 0 .002 0 .01 .001 .05 1 

+:> 36 18 9. 5 7.7. . 33 .23 .06 0 0 0 .01 .001 .01 2 
0 50 15 7.3 7.0 .55 .31 .06 0 .015 0 .05 .001 0 4 

67 24 15 6. 6 . 60 . 26 .07 0 .01 0 .01 0 .24 3 

87 13 6 .2 6.1 . 54 .20 .05 0 .01 0 0 .01 .01 4 
109 15 8.2 5.7 .10 . 17 .05 0 .01 0 .04 0 .01 1 
148 30 15 9.3 4.0 .90 .20 0 .01 0 .03 0 .36 14 
158 25 11 7.0 6.0 .60 .20 0 .01 0 .01 0 .03 24 
168 22 7. 5 6.6 7. 0 .77 .1 5 0 .01 0 .01 0 . 40 32 

185 27 12 4.9 8.0 1.1 .1 5 0 .005 0 .03 0 . 14 31 
197 30 14 6. 2 R.O .50 .16 0 .005 0 .03 0 .07 27 
209 32 15 5. 5 9.0 .84 .1 5 0 .005 0 .04 0 .23 30 
223 29 13 4.9 9.0 .90 .1 3 0 .01 0 .03 0 .16 32 
233 25 6.8 6.0 11 1. 0 .20 0 .005 0 .03 0 .08 49 

243 40 13 10 12 . 7 3 . 33 0 .012 0 .02 0 .03 33 
266 30 8 8 .6 11 1. 30 .20 0 .1 0 0 .01 0 .001 38 



determinations of t he cation-exchange characteristics and calcu­
lations of selectivity coe f ficients on samples from the Gascoyne 
Mine area in southwestern North Dakota showed that the clay 
minerals and lignitic mate r ial comprising the Tongue River Member 
specifically have large cation-exchange selectivity for calcium 
relative to sodium. Thus, if calcium-bearing water contacted the 
sodium-rich clays of the Sentinel Butte Member, cation exchange 
releasing sodium is likely. 

Previously discussed leaching experiments on the Sentinel 
Butte cores demonstrated the presence of calcium donors 
(carbonates and lesser amounts of gypsum), that also decrease 
with depth. Dissolution of such soluble calcium-bearing minerals 
by downward percolating calcium sulfate-bicarbonate waters could 
supply calcium for exchange for sodium on clay minerals deeper in 
the formation according to the following reaction: 

ca2++2Na(clay) ~2Na++Ca(clay). ( 3 ) 

This reaction would result in waters enriched in sodium, sulfate, 
and bicarbonate with tendencies toward an alkaline pH. Removal 
of calcium from solution would catalyze further dissolution of 
calcite and gypsum. Thus, as surficial clays become saturated 
with calcium, cation-exchange processes would occur progressively 
deeper in the section as long as soluble calcium was still 
available in agreement wi t h the observed gradation of decreasing 
exchanged calcium with depth (table 5). 

A competing process also may be producing new sadie clays, 
but at a much slower rate. Sadie plagioclase weathers to a 
sodium-rich smectite under mildly acidic conditions and in the 
presence of excess water (Winchell , 1951): 

7NaA1Si30g(s)+6H++20H20 

---~6Na++lOH4Si04+3Nao.33Al2.33Si3.6701o(OH)2(s) • (4) 

However, in the absence of acidic conditions, albite preferentially 
weathers to kaolinite: 

2NaAlSi30g(s)+llH20 

---) 2Na++20H-+4H4Si04+Al2Si205(0H)4 . (5) 

Both reactions release conside r able amounts of sodium into the 
water. Busenberg (1975) has demon s trated that under nonacid con-
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ditions reaction {5) may still be the intermediary for continued 
hydration to smectite, accompanie d by sodium uptake. However, if 
weathering of albite is extensive, sodium release can inhibit 
divalent cation-exchange processes. Petrographic analysis of 
this core shows the albit e present has been weathered by etching, 
probably along dislocation outcrops, not by surface alteration. 
Notably, the only sample to contain appreciable kaolinite 
{148-149 feet; table 3) also contained anomalously small amounts 
of albite. As sodic smectites also are unusually abundant in 
this sample , a coupled weathering reaction may well be producing 
new sodic smectite, creating new potential exchange sites for 
divalent cations. 

Basal Sentine l Butte Aquifer 

Four water samples collected from wells tapping the aquifer 
in the basal Sentinel Butte sandstone were analyzed for dissolved 
ionic species {table 6). Sodiu m plus potassium constituted more 
than 80 percent of the cations . Sodium concentratio ns ranged 
fro m 390 to 870 mg/L, whereas calcium and magnesium con­
centrations were less than 8 mg/L in all samples. Bicarbonate 
and carbonate constituted from 68 to 84 percent of the anions, 
and sulfate ranged from 14 to 32 percent. Chlo ride con­
centrations ranged fr om 3.0 to 250 mg/L. Concentrations of trace 
metals, including iron and manganese, were minimal in all samples 
analyzed. Dissolved-solids concentrations ranged from 1,010 to 
2,150 mg/L. 

Calculation of miner al saturation coefficients for two of 
these samples {table 7) indicates the ground water in this zone 
is near saturation to very slightly undersaturated with respect 
to calcite and dolomite and significantly undersaturated with 
respect to gypsum and fluorite. The aquifer water is slightly 
saturated with quartz, but undersaturated with respect to other 
silica polymorphs. The minimal degree of saturation of this 
water with respect to carbonate and silica minerals indicates 
that the probability of precip it ation of ch emical cements in the 
basal Sentinel Butte san dstone is small. Petrographic analysis 
of the basal Sentinel Butte sandstone shows the lack of precipi­
tate. Cementation is relatively rare and is dominated by quartz 
overgrowths. Where detected, secondary calcite appeared to have 
been replaced by recent silica. 

Petrographic examination of the sediments throughout the 
Sentinel Butte Member indicates calcite and dolomite occur as 
void fillings and cement between grains in the sandstone and 
silty claystone units. The sandstone penetrated at 77 feet in 
core 77-103 is compl e tely cemented with calcite. Elsewhere, it 
appears that calcite is being selectively replaced by micro­
crystalline silica polymorphs, consistent with the results 
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TABLE 7.--Saturation indices of WATEQ mineral equilibrium an~ solubility calculations for selected ground-water samples 

[SIM = log ( IAP/K), where SIM = saturation index for mineral M, lAP = ion activity product, 
ilnd K = ~issociation reaction constant 2_/; Truesc1ale and Jones, lCJ74] 

Sa t uration index (SIM) 

Well location 

Screened 
depth 

(feet) Calcite Dolomite Gypsum Fluorite Quartz Chalcedony 

l45-088- l6AAD 
l45-088-26ABA 

l45-088- 26BAA 
l 45-088- 29000 

l45-088- 02CCCl 
145-088- 02CCC2 
l45-088-03BBB 
145- 088-lOODA 
l 45-088- l l ABA 

145-088- ll DDA 
l 45 - 088-l3BAB 
l 45-088-25ABBl 
l45-088-25ABB2 
l45-088- 25BAB 

l 46-088-21 ODD 

426 
264 

70 
200 

242 
11 0 
100 
117 
120 

100 
80 

220 
100 
340 

225 

.588 
- .021 

1. 02 
.878 

0. 220 
- .089 

.886 

. 267 

.965 

. 311 

.693 

.842 

.659 

.564 

l. 12 

Basal Sentinel Butte aquifer 

1. 02 
-.293 

1.69 
1.69 

0.057 
-.6 57 
l. 47 
-.572 

. 160 

. 169 

.978 
1.16 

. 730 

. 725 

l. 79 

-3.68 -1 .43 
-4.09 -2 .67 

Beulah-Zap lignite aquifer 

- .845 -1 . 57 
- 1 . 77 - 2 .CJ4 

Antel ope Creek aquifer 

-1. 77 -1.77 
-2.26 -1. 36 
- 1 .43 -1.71 
-2 . 38 -2.02 
-1 . 35 - 1 . 36 

-1.49 -2 . 41 
-1.73 -2.06 
-1 .91 - 1 .91 
-2 . 23 -1.97 
-1 . 58 -1 . 43 

- 1. 62 -1.71 

.543 

.493 

1.02 
1. 00 

1. 21 
l. 16 
1. 07 

.451 
1. 21 

l. 28 
1.20 
1.23 
1.18 
1. 33 

1. 27 

-.203 
-.255 

. 2CJ8 

.240 

0.456 
. 417 
.314 

- .298 
. 464 

.521 

.448 

.472 

. 422 

. 588 

.524 

l/ Where: S1M Ts positive, WATEQHin-d'rc-ates--r.n-e-m1nefaTspecles 1s S1Jpersaturate-a ln the analyzed 
- water; where SIM is negative, the mineral speci es is undersaturated in the analyzed water. 

The signif i cance of differing magnituc1es of SIM varies depenc1ing upon the mineral species 
being considered, largely as a result of kinetic considerations. The significance of the 
numeric val ues reported above is qualitatively interpreted in the text. 

SHTca 
glass 

-. 925 
-.9 53 

- . 411 
- . 460 

-0 . 246 
- . 283 
- .387 

-1 . 02 
- . 237 

- . 178 
- . 255 
-.229 
-.283 
- . 118 

-.178 

t~agnesite 

.035 
-.675 

.278 

.422 

-0 . 57 3 
-.984 

. 191 
-1.26 

.165 

- . 528 
-.103 
- .076 
-.323 
- . 237 

. 278 



obtained using WATEQ. Altering volcanic glass abundant in some 
beds within the Sentinel Butte could be the principal supply of 
silica to the water in the basal Sentinel Butte aquifer. The 
apparent order of cement a tion for the samples examined could be: 
{1) An early precipitation of calcite as cement and void fill, 
{2) subsequent partial dolomitization of carbonate by magnesium 
waters, and {3) recent and continuing selective replacement of 
calcite by silica, leaving scattered dolomite rhombs in a silica 
matrix. 

Beulah-Zap Lignite Aquifer 

Three water samples were collected from wells in the 
Beulah-Zap lignite aquifer and analy zed for dissolved ionic spe­
cies {table 6). Sodium plus potassium constituted 29, 70, and 99 
percent of the cations, an d bicarbonate constituted 40, 67, and 
82 percent of the anions present. Dissolved solids were 1,170, 
1 ,050, and 723 mg/L {milligrams per liter). 

Composition of the water in the Beulah-Zap lignite appears to 
be quite var iabl e. One sample was a calcium-~agnesium sulfate­
bicarbonate type and two were a sodi um bicarbonate type. Well 
145-088-26BAA is located within a shallow, eroded part of the 
Beulah -Zap lignite and produced water of a calcium-magnesium 
sulfate type. Near the well, another small bed of lignite 
subcrops and has been extensively eroded and oxidized. Included 
iron sulfide and elemental sulfur were oxidized and lead to the 
precipitation of si gnific ant amounts of gypsum. Dissolution of 
this and other gypsum deposits by infiltrating precipitation is 
the probable source of large concentrations of calcium and 
sulfate in the water. 

Two of the water samples were evaluated with WATEQ, a 
mineral-solution equilibrium computer program devised by 
Truesdale and Jones {1974), to determine their saturation 
with respect to several min era l species. The results of the 
evaluation, shown in table 7 , in dicate that ground water in the 
Beulah-Zap lignite aquifer is supersaturated with respect to 
calcite and dolomite and undersaturated with respect to gypsum 
and fluorite. The water also is supersaturated with respect to 
quartz and slightly saturated with respect to chalcedony, which 
indicates that precipitation of silica as cement or void fillings 
in the lignite could occur. 

Chemical analyses of the Beulah - Zap lignite by Swanson and 
others {1974) indicat e the lignite averages about 10.2 percent 
noncombustible ash. Of this ash, 21 percent is sulfur trioxide 
{S03), 18 percent calcium oxide {CaO), 5 percent magnesium oxide 
{MgO), and 26 percent silicon dioxide (Si02), with some of the 
latter almost certa i nly present as silica and carbonate cements 
as i ndicated above. 
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The leachate of average ash from the Beulah-Zap lignite con­
tained 925 mg/L barium , 115 mg/L boron, 7.1 mg/L copper, 20.0 
mg/L fluoride, 4 mg/L lithium, 56 mg/L manganese, 2 mg/L molyb ­
denum, 812 mg/L strontium, and 8.6 mg/L zinc. Other trace metals 
were found only in minimal concentrations, probably due to the 
relative insolubility of these trace metals in alkaline waters. 
Leaching of trace elements from the Beulah-Zap lignite may 
account for some of the large trace-element concentrations deter­
mined in water from the Beulah-Zap and basal Sentinel Butte 
aquifers. 

The barium concentration appears large in the lignite based 
on the one sample where it was determined. As barium commonly 
replaces calcium in marine gypsum (Stewart, 1963), the secondary 
gypsum may be the source of this barium. The barium was perhaps 
originally associated with marine clays in the lignite. 

Antelope Creek Aquifer 

Fifteen water samples collected from various zones in the 
Antelope Creek aquifer were analyzed to determine their chemical 
composition (table 6). Water composition with in the Antelope 
Creek aquifer was found to be variable; water types ranged from 
calcium-magnesium bicarbo nate to sodium bicarbonate. 

Sodium plus potassiu m comprised from 16 to 78 percent of the 
cations present, and bicarbonate and carb onate from 62 to 84 per­
cent of the anions. Dissolved-solids concentratons ranged from 
383 to 1,320 mg/L. Ground-water pH remained relatively constant, 
ranging from 7.20 to 7.90. 

The WATEQ (table 7) evaluation of water samples from the 
Antelope Creek aquifer indicates most samples are near saturation 
with respect to calcite and dolomite, supersaturated with respect 
to quartz and chalcedony, and greatly undersaturated with respect 
to gypsum and fluorite. Acti ve precipitation of chemical cements 
in areas of slow water movement in the aquifer could be expected, 
and precipitation of silica is predominant over carbonate. 

Although unreported in table 7, WATEQ also indicates the 
Antelope Creek waters are satur ated with respect to all clay 
minerals detected. Thus, if alterable parent material is pres­
ent, clay mineral formation would be likely to occur. 
Examination of core samples from the study area indicates the 
porosity decrease with depth is due largely to a general increase 
in the abundance of matrix clays in the basal Sentinel Butte 
sandston e . At least some of this clay matrix increase might 
reflect diagenetic formation of clays. 
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Water chemistry in the upper unit of the Antelope Creek 
aquifer appea rs to be controlled primarily by infiltration of 
precipitation through soils and rocks of varying soluble mineral 
compositions and cation-exchange potentials. For example, wells 
145-088-llABA and 145-088-03BBB are located near subcrops of 
extensively eroded and oxidized Beulah-Zap lignite. Dissolution 
of secondary gypsum produced by oxidation of pyrite in the 
lignite probably explains the large sulfate concentrations in 
water from these wells. In fact, sulfate concentrations in water 
from the upper unit of the Antelope Creek aquifer appear to 
decrease proportionally with distance from lignite outcrops or 
subcrops. This decrease is a result of areal recharge over the 
aquifer and downward leakage into the lower aquifers. Similarly, 
the large concentration of bicarbonate in water from well 
145-088-llABA may reflect the effects of dissolution of calcite 
near the surface by infiltrating precipitation, as water from the 
well currently is more saturated with respect to calcite than 
water from other Antelope Creek wells of similar depth. 

The effects of leaching processes on water chemistry in the 
aquifer appear to be modified by other processes. Dissolution of 
gypsum also releases calcium ions into solution. However, in the 
Antelope Creek aquifer, calcium and magnesium concentrations 
decrease with depth and sodium concentrations increase, pr.obably 
reflecting exchange of divalent cations for sodium on sodic smec­
tites as discussed previously. Weathering of albite to smectite 
also could contribute some sodium to solution if acidic con­
ditions locally prevail near the lignite outcrops. As WATEQ 
indicates that silica, which would simultaneously be released by 
this weathering reaction, is supersaturated in these waters, pre­
cipitation of silica cement would decrease any increase in 
dissolved silica, which might be expected as confirmation of the 
effects of plagioclase weathering. 

The dominant chemical controls on water in the Antelope 
Creek aquifer also vary with hydrologic regime. Wells l45-
088-13BAB, l45-088-25ABB1, and 145-088-25ABB2 are located in the 
center of the Antelope Creek aquifer. Analyses of ground-water 
samples from this area indicates little effect due to weathering 
of lignite along the east edge of the aquifer. North of well 
145-088-13ABA, the hydraulic gradient is northward. South of 
well l4 5-088-13BAB, the hydraulic gradient is· southward. Ground 
waters north of the divide are enriched in sodium, sulfate, and 
dissolved solids; reflecting the effect of local lignite 
outcrops. Ground waters south of the divide contain much less 
sulfate and smaller sodium/calcium ratios. These waters are 
alkaline and calcium-magnesium bicarbonate in type, which indica­
tes that carbonate is the dominant soluble mineral available for 
leaching by infiltrating precipitation. Analyses of samples 
from three wells screened at different depths in section 25 indi­
cate that the concentration of sodium increases with depth and 
the concentration of calcium decreases, indicating that the 
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exchange of divalent cati on s for univalent cations on clays is an 
effective means of altering ground-water chemistry in the area. 

SURFACE-WATER HYDROLOGY 

The study area is drained by West Branch Antelope Creek 
(herein considered a third-order stream) which is a tributary of 
Antelope Creek (a fourth-order stream). West Branch Antelope 
Creek enters Antelope Creek about 9 river miles upstream from the 
Antelope Creek confluence with the Knife River. The downstream 
1 i m i t o f t h e s t u d y a r e a i s i n t h e S W 1/4 S E 1/4 S E 1/4 s e c . 3 2 , T • 1 4 5 N • , 
R. 87 W. (fig. 20), where the altitude is about 1,860 feet. The 
altitude at the divide near the headwaters of the longest water 
course is about 2,300 feet. With a total length of 15.8 river 
miles, the mean slope of the stream is about 27.8 ft/mi. The 
drainage generally is well developed, although there are isolated 
areas of shallow prairie potholes or depressions and scattered 
manmade stock-watering ponds. West Branch Antelope Creek is an 
ephemeral stream with most of the flow usually occurring during 
the spring snowmelt period. 

From river mile 0 at the southeastern end of the study area 
to river mile 5.2, West Branch Antelope Creek flows through a 
culti vated valley that has an average width of 0.7 mile and a 
mean channel slope of about 15 ft/mi . From river mile 5.2 to 
10.4 the valley is much narrower an d channel slope is 39 ft/mi. 
The surrounding land is used mostly for grazing. Upstream from 
river mile 10.4, the valley disappears and only a small channel 
remains. The land in this area is mostly cultivated. 

At river mile 4.5 an unname d second-order tributary enters 
West Branch Antelope Creek. This unnamed tributary drains the 
north-central and northeastern parts of the study area. The 
downstream 3.4 river miles of this tributary occur in a northward 
continuation of the valley of West Branch Antelope Creek. The 
vall ey is extremely flat and there is no significantl y defined 
channel. Runoff spreads out and a significant amount of water is 
lost through infiltration. 

Assessment of the potential impacts of m1n1ng on the surface­
water hydrology necessitates the defining of peak flows, flow 
regimes, volumes, water quality, sediment yields, soil-water 
relationships, and ground-water recharge and discharge before, 
during, and after mining. To adequately evaluate present hydro­
logic conditions and the probable changes that may occur as a 
result of mining, the temporal and spatial variations of these 
factors is believed best defined through the use of a hydrologic 
model. To develop a model simulating this regime, hydrologic, 
meteorologic , and basin-characteristic data are required. The 
actual modeling was beyond the scope of this project and is being 
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investigated in a subsequent project. The data-collection net­
work was established to meet the requirements of a modeling 
study. 

Data-Collection Network 

Three continuous-recording streamflow-gaging stations were 
established on West Branch Antelope Creek (fig. 20). Station 
MO.O was established during October 1976 at the outlet of the 
study basin near Beulah. The total drainage area is 28.3 mi2. 
Channel altitude at the gage is about 1,860 feet. 

A second station (M5.8) was established at the same time 5.8 
river miles upstream from station MO.O. Upstream from this sta­
tion, the stream has a mean channel slope of 32.2 ft/mi and 
drains an area of 8.46 mi2. Channel altitude at the gage is 
about 1,960 feet. 

Station M10.4 was established during October 1977, 10.4 river 
miles upstream from station MO.O. Mean channel slope upstream 
from station M10.4 is 22.4 ft / mi and the drainage area is 4.45 
mi2. Channel altitude at the gage i s about 2,130 feet. 

Sediment and water-qual i ty samples were collected at each of 
these stations. Stat i on M5.8 is equipped with an automatic sedi­
ment sampler that collect s samp l es based on stage and time. 
Additional water-quality sites in the basin, T7 and T8, were used 
to help define the quality of runoff throughout the basin. 

A network of 12 prec i pitation gages, Pl through Pl2 (fig. 
20), was established in and near the study area during 1977 and 
1978. Eight are recording gages and four are volume-type gages. 
At two sites, P4 and P9, temperature and humidity also are 
recorded. A complete weather station, P7, established near the 
s o u t h - c en t r a 1 p a r t of t h e stu dy are a i n the S E 1/4 N W 1/4 N E 1/4 sec . 2 8 , T . 
145 N., R. 88 W. collects precipitation, air temperature, rela­
tive humidity, wind velocity, wind direction, solar radiation, 
soi 1 moisture, soil temperature, and snowpack temperature. 
Records are incomplete at these stations for water years 1977 and 
1978 owing to installation and maintainance problems. Complete 
records of temperature and precipitation also are available from 
the U.S. Environmental Data Service station at Beulah. 

Snowmelt and Rainfall Runoff 

Of the components that comprise climate, precipitation has 
the greatest effect on the local surface-water hydrology. Most 
of the precipitation during the summer is from thunderstorms. 

50 



Typical thunderstorms may yield large amounts of rainfall in a 
short period; however, they generally are only a few miles wide, 
are of short duration, and thus affe ct relatively small areas. 
The network of precipitation gages was designed to define the 
spatial and temporal variations of this rainfall in the study 
area. 

Precipitation during the winter months usually is in the 
form of snow. Generally several blizzards occur each year. A 
true blizzard is a cold, high wind (exceeding about 15 miles per 
hour) with fine snow. Blowing and drifting snow (snow that is 
not falling from clouds) also is quite common. Therefore, large 
variations in snow distribution, with snow being blown free from 
some areas and piled high in other areas, occur. The greatest 
control on areal distribution of snow cover is provided by land 
use. For example, a fallow hilltop will be blown free of snow 
whereas a brushy, steep slope with a southern exposure will be 
piled high with snow . Because of the variability in snow distri­
bution, the snow surveys to be used in the modeling study are 
based on terrain and land-use type rather than the usual snow 
courses. 

Precipitation at the Beulah weather station during water 
years 1977 and 1978 is compared to the average precipitation 
recorded at the station (U.S. Environmental Data Service, 
1977-79) in table 8. The 1977 water year was 9 percent wetter 
than average, and the 1978 wat er year was 10 percent dryer than 
average. There are pronounced seasonal variations in the amount 
of precipitation that occurs; June is the wettest month and 
December is the dryest. About 50 percent of the precipitation 
falls during fvlay, June, and July. 

The most significant rainstorm during the 1978 water year 
occurred on September 11 and 12. A total of 1.95 inches fell 
during 10 hours at site P9, a storm of this magnitude (12-hour 
rainfall) has about a 35 percent chance of occurring during any 
year (fig. 21). A thunderstorm on June 29, 1978, produced 1.05 
inches of rain during 1 hour at site P9. This storm has a 
recurrence probability of 58 percen t in any given year (fig. 21). 

The data in figure 22 give some idea of the spatial 
variation of precipitation amounts during thunderstorms. The 
U.S. Environmental Data Service rain gage located at Beulah is 
about 10 miles from the project rain gages. The two project rain 
gages are 3 miles apart. The example shown is for moderate 
rainstorms. Crosby (1974) reported a much greater areal variabi­
lity for most thunderstorms than is indicated here, especially 
for those occurring during midsummer. He stated that it is dif­
ficult to get significant relations between precipitation charac­
teristics such as total precipitation, intensity and duration, 
and peak discharge because of this areal variability. 
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Month 

1977 
water 
year 
(Oct. 1976-
Sept. 1977) 

tJ1 
N 

1978 
water 
year 
(Oct. 1977-
Sept. 1978) 

Average 

TABLE 8.--Monthly, annual, and average precipitation for water years 1977-78 at Beulah 

(Data from U.S. Environmental Data Service, 1973, 1977-79) 

Precipitation, in inches 

Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept. 

0.82 0.44 0.47 0.47 0.20 0.84 0.16 3.18 3.11 2.38 1.21 5.41 

.90 .89 1.34 .11 .27 .23 1. 73 2.29 2.50 3.06 .59 1.60 

.66 .s 5 .32 .47 .43 .63 1.48 2.57 3.97 2.62 2.08 1.42 

Total 

18.69 

15.51 

17.20 
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Although only 20 percent of the yearly precipitation occurs 
as snow during October through March, most of the annual runoff 
is from snowmelt because frozen-ground conditions permit little 
infiltration during the usually rapid melting of the snowpack. 

During 1977, 18.69 inches of precipitation was recorded at 
Beulah, of which 15.29 inches occurred as rain and 3.40 inches as 
snow. The total runoff at site MO.O (fig. 20) for 1977 was 35 
acre-feet. During 1978, 15.51 inches of precipitation was 
recorded, of which 10.84 inches was rain and 4.67 inches was 
snow. The total runoff at site MO.O for 1978 was 2,253 acre­
feet. The data in figure 23 support Crosby's (1974) findings 
that very little correlation exists between total precipitation 
and runoff in the area. During 1977 the spring freeze-thaw con­
ditions did not ·cause runoff of winter precipitation. 
Conversely, during 1978, although there was less total precipita­
tion in the study area, spring thaw conditions were such that 
there was major runoff. The hydrograph indicates that once the 
stream stops flowing a significant amount of precipitation must 
occur to produce runoff. During June 10-16, 1977, a total of 
2.34 inches of precipitation resulted in 33.5 acre-feet of 
runoff. Later during the summer when soil conditions were much 
dryer, more precipitation was needed to produce runoff. For 
example, during September 18-24, 1977, a total of 4.30 inches of 
precipitation occurred, but produced no runoff. 

The runoff recorded during 1977 and 1978 is representative 
only of these 2 years; it is a very limited index on which to 
base predictions of the amount of flow that could be expected in 
the future. A regression equation based on other small basin 
streamflow records and physical characteristics from western 
North Dakota applied to the study area indicates a mean annual 
runoff of 2,050 acre-feet (72 acre-feet per square mile), with a 
mean standard error of 33 percent. Without a sufficient period 
of record, the recurrence probabilities of peak flows also need 
to be determined from regionalized data. The flood discharges 
for recurrence probabilities of 50, 20, 10, 4, and 2 percent, and 
the maximum recorded discharges for sites MO.O, M5.8, and Ml0.4 
are listed in table 9. The discharge magnitudes for recurrence 
probabilities were determined using the method described by 
Crosby (1975). The tabular data indicate that the peak flow of 
296 ft3/s at site MO.O for the 1978 water year has a recurrence 
probability of about 50 percent. 

Surface-Water Quality 

Water-quality samples were obtained at seven surface-water 
sites in the study area. Samples were taken during the rainfall­
runoff period of June 15 and 16, 1977, and during the spring 
snowmelt runoff of March 1978. Analyses of these samples are 
listed on table 10. 
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TABLE 9.--Flood dis charges at selected recurrence probabilities 

and maximum reco rded annual discharge for water 

years 1977-78 at sites MO.O, M5 .8 , and Ml0.4 

Peak discharge (cubic feet per second) 

Annual recurrence probabilities (percent) 
1977 1978 

Site 50 20 10 4 2 maximum maximum 

MO.O 280 710 1 ,240 1 ,940 2,510 37 296 

M5 .8 120 320 510 800 1,050 36 155 

Ml0.4 71 190 310 480 640 125 
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TABLE 10 . -- C ~e •ic al analyses of surfa ce-vater sa•phs 

(CFS • cu btc feet per sec ond~ UHHOS • 11tcro•~os per ce nti •eter at 25 degrees Celsius~ DEG C • degrees Celsius~ 

HG/l • •111i gra•s per liter; UG/ l • 1111crogra111s per liter~ HO • not detected) 

SITE NUHBER 

OU E 

~· S AMPLt T l Mf 

S lk[AM· 
FL OIJI, 

lNSTAN­
J Atrw [OUS 

(CFSJ 

SPE­
ClF l C 
CON · 
DUCT · 
AHCE. 

( UMHOS) 

Pn 

(UN! TS) 

TEMPtR · 
AhJW[ 

(UEC Cl 

HAWD• MAG .. f· POl AS• 
HAIW .. ~ESS, CAL CIUM S1UI'4, SUD1UM, SlUM, 
~ES S NUNCAH.. (I JS• DIS - DIS· DIS• 
(MG/L BONATE SULVfU SOLVI:.U SOLVED SOLVE U 

AS (MG/L { M,/L (Ji4C0/L (M; /L (MCOIL 
CAC0 3) CACU3) AS CA) AS MG) AS NA) AS J!,) -------------------------------------------------------------------------------

HI 0. 4 

H5. 8 

H4. 5 

HO. 0 

T8 

T7 

SITE IIUHBER 
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Water at site M10.4 was a calcium-magnesium bi c arbonate type 
for all samples analyzed (fig. 24). Calcium never exceeded 50 
percent and magnesium never exceeded 35 percent of the cations, 
and bicarbonate never exceeded 80 percent of the anions. Water 
quality did not vary significantly between snowmelt runoff and 
rainfall runoff. Dissolved-solids concentrations remained rela­
tively small, ranging from 55 to 134 mg/L. 

The snowmelt water at site M5.8 was a calcium-magnesium 
bicarbonate type. Although the discharge varied by about one 
order of magnitude between samples, the snowmelt runoff remained 
quite similar in composition, with calcium never exceeding 45 
percent and magnesium never exceeding 35 percent of the cations, 
and with bicarbonate never exceeding 55 percent and sulfate never 
exceeding 46 percent of the anions. The dissolved-solids con­
centrations in these samples were 146 mg/L and 156 mg/L. The 
quality of water resulting from rainfall on June 15, 1978, was 
significantly different from the snowmelt sample of March 22, 
1978, even though stream discharge was about the same. In the 
rainfall runoff sample, calcium and magnesium comprised 34 per­
cent of the cations each, bicarbonate comprised 26 percent of the 
anions, and sulfate 73 percent . The dissolved-solids con­
centration was 626 mg/L, which was much greater than for snowmelt 
runoff. The variation between rainfall and snowmelt runnoff 
samples probably wa s due to increased amounts of ground water 
entering the stream, e ither spatially between sites M5.8 and 
Ml0.4, temporally due to t he resumption of infiltration after the 
ground thawed, or both. 

Water in West Branch Antelope Creek at site MO.O was a 
calcium bicarbonate or a calcium-magnesium bicarbonate type for 
all samples analyzed. Calcium never exceeded 53 percent of the 
cations, and magnesium never exceeded 43 percent of the cations. 
Water quality at this site did not vary significantly between 
rainfall runoff and snowmelt runoff. Dissolved-solids con­
centrations were relatively small, remaining within a range bet­
ween 55 and 120 mg/L and varied inversely with measured 
discharge. 

The general trend of water quality in the West Branch 
Antelope Creek is illustrated in figure 25. The graphs are plots 
of the concentrations of the major dissolved constituents versus 
river miles. The increase in all the major constituents from 
site Ml0.4 to site M5.8 may show the effect of increased amounts 
of ground water entering the stream between these sites. A small 
decrease in the concentrations of the major dissolved consti­
tuents from site M5.8 to site MO.O may be due to dilution. 

Suspended sediment samples were collected. for a runoff period 
during June 1977 and for several periods of runoff during 1978. 
The sediment concentrations vary for a given discharge by one to 
two orders of magnitude (table 11). This variability precludes 
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TABLE 11 .--Sediment- sample data for sites M10.4, M5.R, and MO.O 

Site M10.4 Site M5.8 Site t-U .0 

Suspended Suspended Suspended 
Streamflow sediment Streamflow sediment Streamflow sediment 

Date Time (cubic feet (mi 11 i grams Date Time (cubic feet (mill i qrams Date Time (cubic feet (milligrams 
per second) per liter) per second) per 1 iter) per second) per 1 iter) 

3/23/78 1345 18 74 6/15/77 1055 1.9 230 6/ 15/77 1030 2.0 1,180 
3/24/78 1010 41 36 6/15/77 1200 1. 3 158 6!15/77 1525 .49 914 
3/25/78 1425 43 59 6!15/77 1310 1. 2 134 6/16/77 0855 6.3 191 
3/26/78 1445 72 164 6!15/ 77 1340 .77 126 6/16/77 1045 5.4 748 
3/ 27/78 1315 41 53 6/15/77 1435 .59 122 6/16/77 1345 3.5 730 

3/ 28/78 1220 7.6 32 6/ 16/77 0850 2.3 191 3/22/78 1350 78 524 
3/29/78 1355 7 .0 16 6/16 / 77 1115 1.3 167 3/ 23/78 0940 50 44 
3/30/78 1235 7 .3 16 6/16/77 1355 .77 180 3/23/78 1535 80 166 

0'\ 4/04/78 1105 1.8 10 3/22/78 1555 .30 21 3/24/78 0855 140 32 
N 5/02/78 0805 .01 4 3/ 22/78 1630 6 .5 26 3/24/78 1300 140 135 

3/23/78 0745 .50 9 3/25/78 1500 213 777 
3/23/78 1015 .71 11 3/26/78 1250 160 276 
3/23/78 1455 1.5 26 3/ 27/78 1630 191 292 
3/24/78 0930 2.3 10 3/28/78 1430 74 139 
3/ 24/78 1150 2 .4 9 3/ 29/78 1110 36 54 

3/25/78 1225 35 50 4/04/78 1155 1.4 109 
3/ 25/78 1445 30 100 
3/26/78 1230 83 84 
3/28 /78 1020 30 222 
3/28/78 1315 25 76 

3/29/78 1230 16 99 
3/30/78 1145 lli 68 
4/04/78 1035 3.3 7 
4/05/78 1200 4.8 6 
5/02/78 0930 .20 9 

6/29/78 1625 . 17 38 
6/29/78 1715 .59 65 
6/29/78 1740 .67 40 
9 / 12 /78 1045 .12 37 



quantitative conclusio ns, but the data indicate an approximately 
inverse relationship between concentration and discharge during 
spring runoff. A greater contribution of sediment during summer 
rainfall than during spring runoff also is indicated. 
Furthermore, sediment concentrations appear to be greater at 
sites MO.O and Ml0.4 than at site M5.8, perhaps due to differing 
land use upstream from these sites. The basin just upstream from 
site M5.8 is devoted primarily to grazing, while the land in the 
vicinity of the other two sites is largely cultivated. 

POTENTIAL EFFECTS OF FUTURE SURFACE MINING 

Because large quantities of easily accessible lignite exist 
in the West Branch Antelope Creek basin, future surface mining 
to recover the lignite reserves is planned. However, certain 
predictions of the impact of development on the local hydro­
geologic conditions can be made based on current hydrologic data 
for the study area, and on studies made at other sites already 
mined. 

A limited number of investigations of the effects of strip 
mining on the water resources of the northern Great Plains have 
been completed at this time. They include studies near Decker 
and Colstrip, Montana {Van Yoast, 1974; VanVoast and Hedges, 
1975; Van Yoast and others, 1977); Center, Und erwood, and Beulah, 
North Dakota {Moran and Cherry, 1977; Moran and others, 1978; 
Groenewold and others 1979); and Gasc oyne, North Dakota 
(Thorstenson and others, 1979). Because lignite beds usually are 
aquifers, most of these studies indicate there will be local 
disruption of water supply, but little effect at large distances 
away from the mine. Most studies indicate that ground-water 
levels and flow directions will recover once mining has ceased. 
However, investigations at Gascoyne {M. G. Croft, D. W. Fisher, 
D. C. Thorstenson, and M. E. Crawley, unpublished data, 1981) 
indicate dewatering of the aquifer has produced elongate troughs 
of lowered water levels below stream valleys in the mined area. 
Observation-well data indicate that rechar ge to the aquifer is 
minimal, thus postmining recovery of water levels may require a 
long time. Ground-wat er levels in the basal Tongue River aquifer 
at Gascoyne have also declined, and a local cone of depression 
has formed beneath the mine due to the dewatering. Movement of 
water has been attributed to blasting, which has greatly 
increased vertical permeabilities in the sandstone beneath the 
mine area. 

Surface- and ground-water quality in the immediate vicinity 
of surface-mining operations in the northern Great Plains has 
been shown to be degraded by increased concentrations of sulfate 
and dissolved solids. Locally, increases in pH, and in con­
centrations of hydrogen sulfide, sodium, bicarbonate, iron, or 
fluoride also may occur. 
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These observations from the surface-mining operations provide 
a basis for evaluating probable future mining effects in the 
Antelope Creek tributary area. 

Ground-Water Flow 

Future strip m1n1ng of coal reserves owned by the Federal 
government probably will begin on the western edge of the West 
Branch Antelope Creek tributary valley. The western edge of the 
valley represents the local terminus for the ground-water-flow 
system in the Beulah-Zap lignite and shallow water-table aquifers 
above the coal. Stripping of overburden and removal of coal 
would result in increased discharge from the lignite and other 
shallow aquifers. Recharge to the shallow water-table aquifers 
above the coal is from direct infiltration of precipitation. 
Recharge to the lignite aquifers is from downward leakage from 
the shallow aquifers. In areas where thick bedrock or glacial 
till overlie the Beulah-Zap lignite, recharge and vertical move­
ment of precipitation to the lignite aquifer is very slow. This 
slow vertical movement, coupled with the increased water 
withdrawals at a mine site could lower water levels significantly 
in areas upgradient from a new mine site. However, the apparent 
minimal permeability of the lignite and clay-silt bedrock of the 
Sentinel Butte may decrease or at least delay the decline in 
water levels at large distances away from a proposed mine site. 
It is reasonable to assume that sig nificant declines in water 
levels in wells in lignite and shallower aquifers would not 
e x t e n d more t h a n 1 to 2 m i 1 e s fro 1n an a c t i v e m i n e s i t e • 

Water levels in deeper aquifers would not be adversely 
affected, because the hydraulic heads are lower in progressively 
deeper aquifers. However, mining and dewatering of shallow 
a qui fer s wo u 1 d res u 1 t in changes i n hydra u 1 i c grad i en t s and a 
reduction in local recharge to aquifers beneath the Beulah-Zap 
lignite. 

Ground-Water Quality 

The chemistry of ground water in areas of strip mining in the 
northern Great Plains is being studied in detail at several loca­
tions. To accurately determine the effects of strip mining on 
water quality, a premining data base needs to be established in 
areas of proposed mining. Resampling of wells after mining has 
begun will indicate if there is any alteration of water chemistry 
due to mining. A brief discussion of the effects of mining on 
water quality at Gascoyne, based on the unpublished study of 
Croft and others, is presented here to provide evidence as to 
possible effects in similar unmined areas such as the West Branch 
Antelope Creek basin. 
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The Gascoyne study indicated that leachate from exposed 
spoils and from the mine pit walls and floor was rich in sulfate 
derived from dissolved gypsum . Ground-water samples from within 
the area of mining operation contained concentrations of sulfate 
of as much as 6,500 mg/L and sodium concentrations of as much as 
2,900 mg/L. The significant increases were attributed to oxida­
tion of pyrite and dissolution of minerals and salts in exposed 
overburden and subsequent infiltration of this leachate into the 
shallow ground-water system. The characteristics of overburden 
at Gascoyne are similar to those of the Sentinel Butte material 
in West Branch Antelope Creek present study area; therefore, 
changes in ground-water chemistry could be similar to those 
determined at Gascoyne. 

The geochemistry of overburden in the West Branch Antelope 
Creek study area has been discussed in detail in a previous 
section; therefore, only references to that section will be made 
here. 

Normal dragline procedure results in the redeposition of 
materials in reverse order of their original state, except for 
the topsoil. Near-s urface material is placed at the base of the 
spoil piles and deeper sediments on the surface. Sediments that 
contain soluble and exchangeable sodium would be deposited near 
the surface. Therefore, sediment that was deeply buried and at 
equilibrium with a reducing environment would be placed in an 
environment of rapi d oxidation and alteration. Available pyrite 
would be oxidized quickly; however, the resulting acidity prob­
ably would be buffered by solution of carbonate minerals and sub­
sequent cation exchange of divalent cations for sodium. 
Resultant leachate from spoil piles should then have large con­
centrations of sodium, bicarbonate, and sulfate and smaller ·con­
centrations of calcium and magnesium. Ground-water samples from 
shallow areas in reclaimed spoils at Gascoyne (M. G. Croft, oral 
commun., 1978) were a sodium sulfate type that had dissolved­
solids concentrations of as much as 24,000 mg/L. 

Geochemical studies of spoil-pile samples from mines in North 
Dakota indicated that leachate from spoils was more alkaline and 
contained considerably more soluble-salt material than did the 
leachate from natural topsoil from nearby locations (Sandoval 
and others, 1973). Sodium-adsorption ratios for spoil extracts 
ranged from 2 to 48, with most large enough to indicate limited 
revegetation potential. Other analyses (Power and others, 1974) 
indicated that Paleocene shales from depths greater than 30 
feet contained considerable exchangeable ammonium nitrogen. When 
these shales were exposed to the atmosphere, nitrification of 
exchangeable ammonium occurred resulting in increased soil 
nitrate content for a short period after mining. 

Infiltration of precipitation that leaches through spoils may 
be expected to contain more dissolved material than normal ground 
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or surface waters. Because strata exposed in mine pits are open 
to the same oxidation processes as affect the spoils, ground 
water seeping from exposed aquifers into mine pits may display a 
similar enrichment in dissolved constituents. Therefore, 
dissolved-solids concentrations in shallow ground water beneath 
mine sites may increase. If mine sites are located at or near 
the edge of the Antelope Creek aquifer, it seems probable that 
shallow ground water in areas of the aquifer that are downgra­
dient from the mine sites will become more mineralized with time. 

The available geochemical and hydrologic data for the 
Sentinel Butte and Antelope Creek aquifers indicate that local 
small plumes of water rich in sodium and sulfate could result 
from mining along the edge of the West Branch Antelope Creek 
tributary valley. Present hydrologic data for the Antelope Creek 
aquifer indicate that the parts of the aquifer that lie in T. 
145, R. 88, sees. 13 and 24 are major recharge areas for the 
upper unit of the Antelope Creek aquifer. Effluent from strip 
pits or runoff from rain and snow that infiltrates through spoils 
could easily move into the shallow ground-water system in these 
areas. An extensive unit of fine-grained sediment that divides 
the aquifer into upper and basal units may prevent the transport 
of solute to the basal aquifer unit. 

The quantity and nature of the c l ay mine r als in both the 
Sentinel Butte and Antelope Creek aquifers would indicate that 
transport of trace metals would be greatly retarded by adsorption 
and cation exchange. Furthermore, the large bicarbonate con­
centration in ground and surface waters would produce rapid pre­
cipitation of most trace metals even though present in small 
concentrations. Thus, the potential for contamination of ground 
waters by toxic concentrations of trace metals for people would 
be very small. Solutio n and transport of toxic organics derived 
from coal could present a problem; however, no study in this 
field was found in the literature. 

Further site-specific geochemical studies are necessary to 
make accurate predictions of the potential for the increase in 
concentration and transport of any given chemical species from a 
mine site to ground-water supplies. 

Surface-Water Flow 

The impacts of m1n1ng on the quantity and timing of runoff 
will be dependent on mining practices, but probably will be very 
minor. There could be some realignment of small tributaries of 
the main streams, but the overall drainage area should remain 
virtually unchanged. Alteration of existing stream channels to 
intercept and divert surface runnoff within the mining area could 
cause alterations in the existing flow regimen downstream. 
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Because spoils or reclaimed areas probably will, at least ini­
tially, have greater infiltration capacity than undisturbed 
material, there would be decreased runoff from snowmelt or rain­
fall. With the increased permeability, there is the possibility 
of the development of springs. and consequent temporal extension 
of base flow in the streams. The overall flow regimen of West 
Branch Antelope Creek probably will be altered only slightly 
unless impoundments or other alterations are made on the 
mainstream. 

Further study is planned on the effects of mining on surface 
runoff. Data collection will continue in this study area for 
several years; the objective will be to develop a surface-water 
model to evaluate the effects of changing land use. 

Surface-Water Quality 

Erosion and transportation of sediment will increase, at 
least initially, due to removal of vegetative cover from land 
contributing runoff to the streams. The sediment yield will 
depend on the mining practices--the development of sedimentation 
ponds, the stability of diversion channels, and the speed with 
which vegetative cover can be re-established. There should be 
little change in the chemical quality of water diverted around 
the active mining areas. However, runoff from the spoils, 
reclaimed areas, or both, probably will have increased salinity. 
Recharge to the streams will be affected by increased infiltra­
tion in spoils, and reclaimed land could be expected to have a 
greater than present salinity. 

Further study is being made on the present water quality of 
the study area in conjunction with the study of surface runoff. 
Predictive capability of changes with altered land use will be 
explored as a part of the study. 

SUMMARY 

The proposed strip-mining activities in the West Branch 
Antelope Creek basin area will result in changes in the 
streamflow, ground-water, and geochemical regime. 

The lignite beds and abundant discontinuous sandstone inter­
vals of the Sentinel Butte Member and the glaciofluvial sand and 
gravel deposits supply most of the water for domestic and 
livestock water use. Generally, the sandstones occurring in the 
Sentinel Butte in the study area are unconsolidated, but they are 
poorly sorted and have a large clay content; therefore, they have 
relatively small porosity and permeability. Most of the 
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sandstone occu r s as a basal unit that has a variable thickness. 
The Beulah-Zap lignit e bed forms a shallow confined aquifer on 
the western side of the study area. Permeability and ground­
water flow in this lignite bed probably are controlled by frac­
tures and joints. Ground water in the lignite and upper 
sandstones of the Sentinel Butt e moves f ro m the highlands area in 
the west toward the Antelope Creek aquifer. Ground-water levels 
in the basal Sentinel Butte sandstone appear to be controlled by 
the level of Lake Sakakawea . 

The deposits forming the Ant elope Cree k aquifer consist of 
glaciofluvial sand and gravel inte rb ed ded with silt and clay. 
The dep osits generally are unconsolidated and very permeable. 
Transmissivity at one location near the ce nter of the aquifer 
exceeds 25,000 ft2 / d. Ground-water moveme nt from the aquifer is 
northward to Lake Sakakawea and southward to the Knife River. 

The water from the bas al sandstone unit of the Sentinel Butte 
Member is a sodium bicarbonat e type, and th at from the Beulah-Zap 
lignite is a calcium-magnesium sulfate or a sodium bicarbonate 
type. The quality of water from the Antelope Creek aquifer is 
variable; water ty pe s ra nged from calcium-magnesi um bicarbonate 
to sodium bicarbonate . 

West Branch Antel op e Creek is, for the mo st part, an ephem­
eral stream with most of the flow occurring during the snowmelt 
period. Based on a regression analysis of the records of other 
streams in the area, the mean annual runoff from the area would 
be about 72 acre-feet per square mile. 

The surface-water chemical analyses generall y show calcium 
and magnesium as the dominant cations. Th e dominant anion is 
bicarbonate, though som e samples had a r elativ ely large con­
centration of sulfate. The quality generally did not vary signi­
ficantly between snowmelt runoff and summe r rainfall runoff. 

Slow vertical movement of recharge water from precipitation, 
coupled with rapid water withdrawals at mine sites, could lower 
water levels signif icantly in areas upgradient from the mine. 
However, with the apparent minimal permeabilities of the bedrock, 
it is reasonable to ass ume tha t large declines would not extend 
more than 1 to 2 miles from th e mine site. Water levels in the 
deeper aquifers should not be adversely affected by mining . 

The Sentinel Butte Member is mineralogically complex and 
variable. Excluding carbonaceous and lignitic units, quartz 
comprises from 15 to 60 percent of the material. Carbonate 
mineral concentrations ra nge from 1 to 45 percent. Clay miner al s 
are very abundant; smectite and illite dominate. 

From a single-core sample, leachates above the Beulah-Zap 
lignite were alkaline. The upper leachate samples were a 
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calcium-magnesium bicarbonate type and the lower leachate samples 
were predominantly a sodium bicarbonate type. Leachate from the 
lignite was enriched in sodium and sulfate. 

Data available indicate that small local plumes of water rich 
in sodium and sulfate could result from mining along the edge of 
the West Branch Antelope Creek tributary. In some locations 
there will be movement of this enriched water toward the Antelope 
Creek aquifer. The potential for contamination of ground waters 
by toxic concentrations of trace metals for people would be 
small. Transport would be greatly retarded by adsorption and 
cation exchange and the large bicarbonate concentration in the 
water would produce rapid precipitation of most trace metals. 

The impact of the mining on the quantity and timing of runoff 
will probably be minor and will be dependent on mining practices. 
There would be major changes on small areas for short periods of 
time but the overall flow regimen would be altered only slightly. 

Sediment yields will change depending on mining practices. 
Runoff from spoils, reclaimed areas, or both, will have increased 
sa 1 i n i ty . 
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