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EXECUTIVE SUMMARY

This study discusses the surface and subsurface geology, regional groundwater-flow
systems, chemistry, and chemical evolution of groundwater in the units overlying the
Pierre Formation in west-central North Dakota. The study has concentrated on the area
within the Knife River basin. Also discussed are two additional study sites outside the
Knife River basin, the Center and Falkirk sites. A discussion of the groundwater-flow
patterns, chemistry, and chemical evolution of water in the Fox Hills aquifer throughout
southwestern North Dakota is also included. Detailed mapping of surface and near-surface
materials in the Beulah-Hazen area has allowed for the generation of a series of land-use
suitability maps for that area.

This study has determined the regional stratigraphic framework of the units overlying
the Pierre Formation with emphasis on detailed correlation of the Tertary lignite-bearing
strata. A series of detailed cross sections based on several hundred test holes has been
constructed which demonstrates the correlation of the various lignite beds in the Sentinel
Butte and Bullion Creek Formations across the study area. Each major lignite bed has
been named, with type and reference test holes. The relationship between the present
lignite-bed terminology and the terminology of previous workers has been discussed in
detail. This study has demonstrated that individual lignite beds are traceable for many
tens of miles and serve as convenient stratigraphic markers for subdividing the Sentinel
Butte and Bullion Creek Formations.

The detailed stratigraphic framework, thus defined, has allowed for a specific desig-
nation of the intake zone for most of the farm and domestic wells in the study area. This
information, in conjunction with previously published groundwater chemical data and
additional selective sampling of wells as part of this study, has allowed for a detailed
definition of the chemical characteristics of water within the various stratigraphic units.
This, in turn, has allowed for the formulation of groundwater geochemical models for the
various groundwater systems. The key processes which influence the evolution of ground-
water in the Knife River basin are: pyrite oxidation, carbonate dissolution, gypsum
precipitation and dissolution, cation exchange, and sulfate reduction. The hydrostratigra-
phy and hydrochemistry of five proposed and active lignite-mining sites have been dis-
cussed in detail. These include the Indian Head, Beulah-Hazen, and Dunn Center sites
within the Knife River basin and the Center and Falkirk sites which lie in close proximity
to the Knife River basin.

The implications of the interpretive groundwater geochemical framework relative to
post-mining groundwater quality have been addressed. Of major concern is the genera-
tion, in the post-mining landscapes, of waters characterized by adverse sulfate contents
generated by pyrite oxidation. Major differences between premining and post-mining
landscapes include the large volumes of oxygen trapped within voids in the spoils and the
lack of organic matter in the spoils relative to the premining landscape. The consumption
of most of the entrapped oxygen by pyrite oxidation rather than organic-matter oxidation
is therefore an anticipated eventuality and potentially could result in the generation of
very high levels of sulfate in post-mining groundwater. In one case the sulfate concen-
tration in a groundwater sample from spoils at the Indian Head site exceeded 9 400 mg/L.
Sulfate concentrations in spoil waters commonly exceeded 2 500 mg/L. A detailed knowl-
edge of the overburden in conjunction with proper placement of overburden during mining
and contouring operations is necessary to assure acceptable post-mining groundwater

quality .
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/ 1 INTRODUCTION
1.1 Description of the Study Area
1.1.1 Location

The area of the present study in-
cludes the drainage basin of the Knife
River as well as the Falkirk (Underwood)
and Center areas of McLean and Oliver
Counties, respectively (fig. 1.1.1-1). It
is roughly bounded on the west by the
Dunn-Billings County line and the Kill-
deer Mountains; on the north by the
uplands south of the Little Missouri River
and Lake Sakakawea; on the east by old
U.S. Highway 83; on the southeast by
the Missouri River and a line from Fort
Clark due south to the Morton County
line, then southwest to the badlands east
of Glen Ullin; and on the south by the
divide between the Heart River and Knife
1.1.1-1). The
project area is about 100 miles (160 km)
long and 30 miles (50 km) wide and is
bisected by State Highway 200 through
much of its length.

River drainages (fig.

The towns mainly affected by devel-
opment of rich lignite reserves in the
study area include Underwood, east of
the Missouri River; Center in the Square
Butte Creek drainage basin; and Beulah,
Hazen, Stanton, and Dunn Center in the
Knife River basin proper.

1.1.2 Physiography and Topdgraphy '

The Knife River basin is located in
west-central North Dakota within the
Missouri Plateau section of the Great
Plains Physiographic Province (Lobeck,
1950). The Knife River is the master
stream in the study area. It and its
principal tributary, Spring Creek, flow
roughly eastward through wide valleys

with maturely dissected slopes. These
valleys are about 200-300 feet (60-90 m)
deep and are bordered by gently rolling,
grassy uplands of interstream divides.
Prominent buttes, with crests standing as
much as 200 feet (60 m) above the sur-
rounding uplands are scattered through-
out the study area. Medicine Butte,
located in Mercer County about 12 miles
southwest of Beulah, is one of the most
striking of these landmarks.

The Knife River and Spring Creek
rise in the highlands that form the divide
east of the Little Missouri River. Maximum
elevation at the source of the Knife River
is about 2 700 feet (810 m). The elevation
of the uplands of the Killdeer Mountains,
where Spring Creek begins, is about
3 000 feet (990 m). Spring Creek joins
the Knife River about one mile west of
Beulah. From here the stream flows
northeast to its confluence with the
Missouri River near the town of Stanton.
The elevation at Stanton is about 1 700
feet (410 m), which means that the re-
gional slope rises a maximum of 1 600 feet
(480 m) to the west across the study
area.

The Knife River basin is mostly
within the glaciated portion of the
Missouri Plateau (fig. 1.1.1-1), but
erosion has removed much of the glacial
sediment, so the drainage is, for the most
part, well integrated. Where drift still
remains, it veneers the preglacial topog-
raphy, which seems to have been modified
very little by glaciation. The exception
occurs in the northeastern part of the
project area in the vicinity of the towns
of Beulah, Hazen, and Underwood where
constructional topography exists, and
where test-hole drilling indicates the
presence of buried valleys containing as
much as 300 feet (90 m) or more of glacial
deposits.
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The most striking features of the
Knife River basin are the deep, flat-
floored valleys that cut across the drain-
age pattern in a northwest to southeast
direction. These large trenches, which
contain only small underfit streams or no
streams at all, were cut by glacial melt-
water flowing at the margin of an ice
sheet.
River,

Waters of the ancient Missouri
which flowed to the northeast
across North Dakota, were
through these valley systems by advanc-

diverted

ing glaciers. Benson (1952) and Moran
(1976) discuss these
trenches in some detail. Benson (1952)
names the South Fork and Elm Creek
trenches in the Grancho and Medicine
Butte quadrangles, the Goodman Creek
and Golden Valley trenches (near the
town of Golden Valley), and the Reulah
trench (near the towns of Zap, Beulah,

et al. diversion

and Hazen).

1.1.3 Geologic Setting--General Stratigra-
phic Framework

The area of the present study is
underlain by 11 000-14 000 feet (3 300-
4 200 m) of sedimentary strata ranging in
age from Recent to Cambrian (fig.
1.1.3-1). These layered
Precambrian and metamorphic

basement rocks.

rocks overlie
igneous
Only Paleocene age and younger
bedrock formations outcrop in the study
area. The oldest exposed unit is the
Cannonball Formation which
along the Missouri River trench south of
Underwood in the vicinity of Washburn
and Hensler. The Cannonball Formation is

outcrops

the only marine formation present at the
surface in the project area. It consists of
an alternating succession of silt and clay
beds and very fine grained silty sand.
The thickness of the Cannonball is about

300 feet (90 m) in the eastern part of the
study area and about 200-250 feet (60-75
m) in the west.

Although the Slope Formation (Clayton
et al., 1977) is present in the study
area, it was not observed in outcrop.
Lithologically, this unit is similar to the
Ludlow Formation which underlies the
Cannonball Formation in the Knife River
basin. The Slope Formation is less than
20 feet (6 m) thick in the eastern part of
the study area and as much as 100 feet
(90 m) thick in the western part of the
area.

The Bullion Creek Formation (Clayton
et al., 1977) Cannonbatil
Formation in the east and the Slope
Formation in the west. To the south,
along the Missouri River drainage, the
contact between the

overlies the

Cannonball and
Bullion Creek Formations can be observed
in outcrops. According to Kume and
Hansen (1965, p. 47) "Excellent expo-
sures of this contact are at the SE corner
NWhsec 13, T140N, R81W...., and NE%
SE4sec 11, T140N, R8OW."

In the area of the present study,
only the upper part of the Bullion Creek
Formation can be seen in outcrop. The
exposures occur along the Missouri River
trench below Garrison Dam, with the most
extensive outcrops occurring in the Fort
Mandan Badlands east of Stanton (Hemish,
1975).

The Bullion Creek Formation ranges
in thickness from about 250 feet (75 m) in
the eastern part of the study area to as
much as 700 feet (210 m) in the west.
Lithologically, the Bullion Creek Formation
consists of interbedded silt, clay, sand,
and lignite. Hemish (1975) tentatively
assigned a thick unit of fine-grained,
poorly sorted, bluish sand to the lower
part of the Bullion Creek Formation in

southwestern McLean County. Recent



ERA| SYSTEM _|SEQUENCE GROUP | FORMATION DOMINANT LITHOLOGY |
Oustaen Tei Oahe Silt, Clay, Sand, Gravel
LRaty a8 Coleharbor { Pebble-loam, Sand, Gravel, Silt, Clay
o o Golden Valley | Silt, Clay, Sand
Q Sentinel Butte | Silt, Sand, Clay, Lignite
Q . .| Bullion Creek | Silt, Sand, Clay, Lignite
& | Tertiary Fort Union) g ¢ Silt, Clay, Sand, Lignite
o Cannonball Marine Clay, Silt, Sand
Ludlow Silt, Clay, Sand, Lignite
Hell Creek Sandstone, Shale, Lignite
Mont Fox Hills Marine Sandstone
ontana | pierre Shale
Niobrara Shale, Calcareous
Zuni Colorado Catlile Snale
Greenhom Shale, Calcareous
% Cretaceous | Belle Fourche | Shale
8 ] 7 Mowry Shale
gj Newcastle Sandstone
= Dakota Skull Creek Shale
‘ Fall River Sandstone, Shale
Lakota Sandstone, Shale
| Mosrison Shale, Clay T
Jurassic Sundance Shale, green and brown, Sandstone
LPiper Limestone, Anhydrite, Salt, red Shale
Triassic | Spearfish Siltstone, Salt, Sandstone
Permian Minnekahta Limestone
Opeche Shale, Siltstone, Salt
Absaroka Minnelusa Sandstone
Pennsylvanian Amsden Interbedded Dolomite Limestone, Shale,
Sandstone
Tyler Shale, Sandstone
Heath Shale
Big Snowy | Otter Sandstone, Limestone
Mississippian Kibbey Interbedded Limestone, Evaporites
Madison Limestone
o Bakken Siltstone, Shale
5 Kaskaskia Three Forks Shale, Siltstone, Dolomite
N Birdbear Limestone
8 Duperow Interbedded Dolomite, Limestone
j Devonian Souris River Interbedded Dolomite, Limestone
~ Dawson Bay Dolomite, Limestone
Prairie Salt
Winnipegosis Limestone, Dolomite
Silurian Interiake Dolomite
Stonewall Dolomite, Limestone
Stony Mountain| Limestone, Dolomite
Tippecanoe | Red River Limestone, Dolomite
Ordovician Roughlock Calcareous Shale, Siltstone
Winnipeg | Ice Box Shale
Black Island Sandstone
Cambrian Sauk | Deadwood Limestone, Shale, Sandstone
| | Precambrian T N

Figure 1.1.3-1. Stratigraphic column for the study area.




work (see pl. 2) indicates that this sand
unit is also present in the subsurface in
the western part of the area.

The Sentinel Butte Formation overlies
the Bullion Creek Formation and outcrops
throughout the Knife River basin. Litho-
logically, the two formations are very
similar. In outcrop, the Bullion Creek and
Sentinel Butte Formations are differenti-
ated on the basis of color. The Bullion
Creek is typically yellowish; the Sentinel
Butte is typically somber gray-brown
(Royse, 1967).

Where complete sections of the
Sentinel Butte Formation are preserved in
the Knife River basin, they reach thick-
nesses between 500 and 550 feet (150 and
165 m). A widespread, thick, yellowish-
brown sand unit is present in the upper
part of the formation. Where it is well
cemented, it is often seen capping ridges
and buttes.

The Golden Valley Formation is the
youngest bedrock unit present in the
study area. It overlies the Sentinel Butte
Formation and is preserved as erosional
remnants on divides between major drain-
ages. It is well exposed in the vicinity of
the town of Golden Valley, for which it is
named. It consists of interbedded sand,
silt, clay, and minor carbonaceous materi-
als and lignite. The lower part of the
Golden Valley Formation is highly kaolini-
tic.

A veneer of unconsalidated Quater-
nary sediment mantles the bedrock in the
northern and eastern parts of the project
area. Only scattered boulders and thin
patches of clayey to silty pebble loam
(till) are present over the remainder of
the area. In this study all of the Quater-
nary deposits (till, sand, gravel, clay,
and silt) are inciluded within the Cole-
harbor Formation.

Sand, silt, and clay deposits that are

stratigraphically above the Coleharbor
Formation are placed in the Qahe Forma-
tion. These deposits include windblown
silt and sand, modern pond and stream
sediment, and slope-wash sediments.
1.1.4 General Groundwater Conditions

This discussion will provide a general
overview of groundwater conditions in the
study area. The five detailed study sites,
discussed in chapter 4, can then be
superimposed on, and incorporated into,
this general framework. The units of
concern include all the formations over-
lying the Pierre Formation (fig. 1.1.3-1).
The Pierre Formation is the regional
aquitard in the study area. Tletcher
(1974) has estimated the rate of ground-
water flow through this formation to be
less than a few feet in a million years.
The top of the Pierre Formation, in the
study area, lies at a depth varying
between 1 200 and 2 000 feet (360 and 600
m).

The only materials in the study area
that can be considered as potential aqui-
fers are Quaternary sand and gravel and
Tertiary and Cretaceous lignite and sand
units. These represent a small fraction of
the total volume of materials overlying the
Pierre Formation. The remaining units
consist largely of silty and clayey materi-
als and are aquitards.

The major regional aquifer in the
study area is the Fox Hills-Hell Creek
aquifer. The top of this aquifer lies at
depths between about 700 and 1 400 feet
(210 and 420 m). This aquifer actually
consists of several sand units in the two
formations. The total thickness of the
units ranges from 100-300 feet (30-90 m).
The major direction of flow in the aquifer
is from west to east (Croft, 1973; Moran
et al., 1976). This aquifer generally



yields several tens of gallons per minute
and is the water supply for various towns
and domestic and stock users in the
study area. The Fox Hills-Hell Creek
aquifer is discussed in detail in chapter
q.

Sand and lignite units in the interval
above the top of the Fox Hills-Hell Creek
aquifer to within 500 feet (150 m) of the
land surface produce very little water.
The major constraint upon water yielding
capability of a given unit appears to be
the depth at which the unit lies below the
surface. Regional structure, topography,
and erosion has generally resulted in
increasingly younger bedrock units being
exposed at the surface as one moves from
west to east across the study area (pl.
2). Thus, a given lignite may lie 100 feet
(30 m) below the land surface in the
eastern part of the study area and 500
feet (150 m) below the surface in the
western part of the study area. Typically
such a unit will constitute a water supply
in the eastern (shallow) area but will
have extremely low yield capacities in the
western (deeper) area. The probable
cause for this relationship is increased
fracture permeability in the shallow units
resulting from wunloading accompanying
erosion of the overlying materials. Unload-
ing associated with the ablation of contin-
ental ice masses may also have played a
role in this phenomenon.

Bedrock aquifers within 500 feet (150
m) of the land surface are commonly used
for domestic and stock, and occasionally
for municipal, water supplies. Yields are
generally less than ten gallons per min-
ute. These include all the major lignites
in the Bullion Creek and Sentinel Butte
Formations, as well as various sand units
which lie within the lignite-bounded
intervals. The stratigraphic relationships
are discussed in detail in chapter 2.

Of particular interest from the stand-
point of regional groundwater movement is
a series of variable thickness sand units
in the lower part of the Bullion Creek
Formation. Plate 2 indicates the highly
variable, although somewhat continuous,
nature of these units. Moran et al. (1976)
indicate that potentiometric head values
below this interval generally increase with
depth indicating
movement. Head values above this interval
generally decrease with depth indicating

upward groundwater

downward groundwater movement. Thus it
appears that these units constitute a
regional groundwater sink and thus have
a considerable impact upon regional
groundwater movement. Flow within the
interval is apparently to the east toward
the Missouri River valley trench.

Detailed discussions of various sites
within the study area by Moran et al.
(1978) and chapter 4, this report, indi-
cate that groundwater flow is primarily
horizontal in both the bedrock and Qua-
ternary aquifers. Flow is primarily verti-
cal and downward through the various
aquitards. Topography, largely resulting
from stream erosion, controls the location
of recharge and discharge sites in the
shallow aquifers. Thus, the size of the
surface drainages in a given area deter-
mines the size of the associated {flow
system(s). Topography, in conjunction
with regional structure, controls the
recharge-discharge characteristics of
regional aquifers such as the Fox Hills-
Hell Creek aquifer. These topics are
discussed in greater detail in chapter 4.

1.2 Objectives and Scope

The major objective of the geologic
and hydrogeologic studies conducted in
the study area was to define and de-
scribe, in as much detail as was possible,




the surface and subsurface geological
conditions and subsurface hydrogeological
systems. This information will serve as a
data base for a part of the state sched-
uled for early development of its lignite
reserves. This data will be coordinated
with data from simjlar studies in other
disciplines to provide information to
decision makers and the public. It is
expected that these data will aid in fore-
casting the impact of lignite development
on the communities where change is
imminent, as well as to provide new
knowledge about the extent of lignite
resources throughout the Knife River
basin. The investigation was designed to
meet specific objectives of both geologic
and hydrogeologic significance.

1.2.1 Geologic Information

1.2.1.1 Surficial deposits of the Knife
River basin

A map of the surficial deposits of the
Knife River basin and adjacent areas was
constructed at a scale of 1:250 000 (pl.
1). This map was compiled from data in
various published and unpublished
sources. It is accompanied by a cross
section (pl. 2) which was constructed

from logs of oil test holes.

1.2.1.2 Surficial deposits of two 15-minute
quadrangles in the Beulah-
Hazen area
A detailed surficial deposits map and
an accessory lignite map of two 15-minute
quadrangles in the Beulah-Hazen area
were constructed at a scale of 1:63 000
(pls. 3 and 4). These maps were based
upon field reconnaissance mapping and
test drilling. The maps are accompanied
by a discussion of the geology and re-
sources of the map area (chapter 3, this
report).

1.2.1.3 Mapping for land-use application
in the Beulah-Hazen area

Several maps designed for land-use
application were constructed for an ap-
proximately 80-square-mile (205-sq.-km)
area around the towns of Beulah and
Hazen. These are accompanied by cross
sections which delineate the materials in
the upper 30 feet (9 m) and consist of a
geologic materials map at a scale of
1:24 000 (pl. 5) and several smaller scale
suitability maps. These maps were based
upon detailed field reconnaissance map-
ping and detailed drilling with a truck-
mounted auger. A detailed discussion
accompanies the maps and cross sections
(chapter 5, this report).

1.2.1.4 Subsurface mapping

The subsurface stratigraphy of the
study area was defined in detail based
largely upon lignite exploration test holes
from various sources. A series of detailed
cross sections were constructed (pls.
6-16) which define the distribution of the
various bedrock units in the upper 500-
700 feet (150-210 m). Emphasis was placed
on the correlation of the various lignite
beds.

1.2.2 Hydraogeologic Information

1.2.2.1 Physical framework

A major objective of this project was
to define the physical hydrologic frame-
work of the study area. The generalized
hydrostratigraphic framework of the study
area is based largely upon, and integral
with, the stratigraphic framework. Five
specific study sites, each having consid-
erable hydrogeological data available, are
discussed in detail. These included the
Dunn Center area, the Beulah-Hazen
area, the Center area, the Falkirk area,
and the Indian Head Mine area near Zap,



North Dakota (fig. 1.2.2.1-1). Existing
pump testing information and single well
response testing information was combined
with single well response testing data
obtained through this project. Several
hundred existing piezometers were moni-
tored on a regular basis thereby allowing
for the definition of the wvarious flow
systems in the study area.

1.2.2.2 Geochemical framework

The second objective within the realm
of hydrological information was to define
the geochemical characteristics of ground-
water in the study area. This involved
bringing together all available chemical

data from federal and state agencies,
universities, and private industry. Al
available data on wells were compiled. It
was possible to identify the aquifer in
which many of the wells were screened.
Selected wells were then sampled for
chemical analysis, allowing for a represen-
tative sampling both geographically and
stratigraphically throughout the study
area, with emphasis placed on the five
detailed study sites. Of particular inter-
est, in addition to the shallow aquifers at
the five detailed sites, were the charac-
teristics of the Fox Hills-Hell Creek
aquifer. This unit was treated separately
and is discussed in detail in chapter 4.
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2 GENERAL GEOCLOGY
2.1 Study Methodology

2.1.1 Introduction
Studies for this project were con-
ducted on several levels, depending on
the amount of detail required, and also on
possible future uses for the results of the
investigations. Only a review of relevant
literature was carried out for the more
general regional aspects of the discussion.

More detail studies,
reconnaissance for mapping purposes, and

involving field

test drilling for stratigraphic purposes
in areas of particular
the project. Geophysical

were conducted
importance to
and descriptive logs from recent test
drilling by the United States Geological
Survey were relied on heavily for regional
stratigraphic information. Additional test
holes were drilled at critical

where available data were insufficient to

locations

define the various stratigraphic relation-
ships.

Existing facilities or research installa-
tions were used to aid in the study
wherever possible. For example, as part
of the hydrogeologic study, piezometers
installed by the University of North
Dakota Engineering Experiment Station,
the North Dakota State Water Commission,
various coal companies, and other organi-
zations were utilized to collect data.

2.1.2 Existing Data

Data for compiling the map of the
surficial deposits of the Knife River basin
(1:250 000) were obtained principally from
previous reports and maps relating to the
area. Data from these reports were sup-
plemented by the study of logs from oil
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tests, water wells, and coal exploration
test holes for the construction of the
accompanying cross section. Mast of this

information was found in the University of

North Dakota Geology Department
Library, the files of the North Dakota
Geological Survey, or the files of the

North Dakota State Water Commission at
Bismarck.

The structure contour map of the
Bullion Creek-Sentinel Butte contact (pl.
22) was prepared principally through the
geophysical logs from U.S.
Geological Survey drilling. This drilling
program was begun in 1974 and is on-

use of

going. The purpose of the program is to
gather data on the thickness, quality,
extent, and recoverability of lignite beds
and the lithologic characteristics of the
coal-bearing units North
Dakota. The logs from this program were
also used extensively in the preparation
of the cross sections showing the rela-
beds

in western

tionship coal

throughout the Knife River basin.

and position of

The structure contour map drawn on
the top of the Beulah-Zap lignite bed in
the Beulah-Hazen areas (fig. 3.3.2-1, see
sec. 3.3.2) was prepared largely from
logs of coal exploration test holes pro-
vided by the North American Coal
Corporation. These data were supple-
mented by data from previous structure
mapping by Benson (1952), U.S.G.S. test
holes, and by test drilling done specifi-
cally for the REAP study by the North
Dakota Geological Survey.

2.1.3 Test Drilling

More than 8 600 feet (2 622 m) of
rotary rig test drilling at 19 sites was
completed for the REAP project during
August and September of 1976 and April




of 1977. H and H Service of Bowman,
North Dakota, and Mohl Drilling Company
of Beulah, North Dakota, were contracted
to do the work, which was accomplished
using forward-circulation Failing rotary
drilling rigs. All of the test holes were
drilled by circulating a
drilling mud.

A geologist from the North Dakota
Geological Survey supervised the drilling

water-based

at each site.
samples was provided by a field assistant.
followed in collecting the
samples the steps:

1. As the cuttings emerged from the

Assistance for collecting

Procedures
involved following
borehole, they were collected in a long-
handled wire-mesh net.

2. Cuttings from each 5-foot (1.5-m)
interval were placed in plastic trays.

3. The lithology of the samples was
then described in detail by the geologist,
using a ten-power hand lens,
and diluted hydrochloric
4. Representative samples from each
labelled,
placed in storage in the sample library of
the North Dakota Geological Survey at
Grand Forks, North Dakota.

In addition to the rotary rig drilling,
167 test holes were drilled using the
North Dakota Geological
auger rig. Eight-inch-diameter test holes
were made ranging in depth from 10-75
feet (3-22 m). Test drilling of this nature
was confined to the 80-square-mile
(205-sq.~-km) area around the
towns of Beulah and Hazen. Procedures
for handling, bagging, and
storing the drill cuttings were similar to
those used for the rotary rig cuttings.
The geologist's logs for these 167 test
holes are presented in appendix A. Auger
rig test

a sand

card, acid.

tray were then bagged, and

Survey mobile

study

describing,

holes were not geophysically
logged, but the deeper, rotary rig test

holes were.
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2.1.4 Geophysical Logging

All of the 19 test holes drilled by the
rotary rig for the REAP project were
geophysically logged immediately following
completion of the hole. The North Dakota
Geological Survey logger, operated by a
Survey technician, was used to log each
hole.

The logging procedure was to run the
self-potential  (SP),
resistivity probes, followed by the densi-
ty probe.

gamma-ray, and
A lithologic column was con-
structed on a copy of the geophysical log
by the geologist who had originally done
the on-site logging of the drill cuttings.
Data for presentation of the composite log
in its final form are thus seen to have
come from several sources: (1) a geolo-
gist's sample log, (2) a driller's log, (3)
a geophysical log. Reliability of geologic
interpretation is maximized through use of
the above-mentioned procedures.

All of the driller's logs, sample logs,
original geophysical logs,
interpretive logs are on open file at the

and composite

North Dakota Geological Survey office in
Grand Forks. Reductions of the composite
interpretive logs are presented at a scale
of 1 inch=50 feet in appendix A.

2.1.5 Surficial Materials Mapping

As previously stated, data for compil-
ing the map of the surficial deposits of
the Knife River basin (1:250 000) were
obtained principally from available pub-
lished and unpublished reports and maps
relating to the area. This map (pl. 1) is
accompanied by an associated map which
indicates the data sources used for the
various portions of the study area. Meth-
ods used in constructing the 1:63 360-
and 1:24 000-scale maps in the Beulah-
Hazen area are discussed in considerable



detail in following sections of this report
(secs. 3.1.2 and 5.1.1).

2.2 Stratigraphy

2.2.1 Introduction

A cursory discussion of the general
stratigraphic framework of the study area
was given in section 1.1.3 of this report.
Because new drilling in the project area
has not been of sufficient depth to pene-
trate much more than the upper Paleocene
formations, detailed discussion of
strata Jower in the section will be entered

no
into here. Additional information concern-
ing stratigraphy is presented in section
2.4, below, which deals with the geologic
Part of that section
includes a perfunctory discussion of the
stratigraphy of units which are not of

history of the area.

major importance to the present study.
In this
discussion will

section of the report our
begin with the Pierre
shale unit
which is significant because it is the base

Formation, a predominantly
of the regional flow system. The Pierre
Fox Hills Formation, the
major aquifer in the project area (see
sec. 4.7 below).

underlies the

2.2.2 Regional Framework

2.2.2.1 Pierre Formation

The Pierre Formation is the lowermost
unit of the Age Montana
Group. It varies in thickness from 1 200-
2 000 feet (360-600 m) across the Knife
River basin, thickening toward the north-

Cretaceous

west, where an oil test in southeastern
Wwilliams County shows a thickness of
2 390 feet (715 m) (Laird, 1944). Litho-
logically, the Pierre Formation consists
predominantly of micaceous and bentonitic

gray shale containing abundant pyrite,
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selenite, and siderite. Examination of
plate 2 shows that depth to the Pierre
varies from about 1 200-2 000 feet (360-
600 m) across the study area. The con-
with  the Hills
Formation is more or less transitional,
making it rather difficult to pick consis-
tently
1976).

tact overlying Fox

on mechanical logs (Cvancara,

2.2.2.2 Fox Hills Formation

The Fox Hills Formation is the upper-
most unit of the Montana Group. It occurs
in about the western two-thirds of North
Dakota, but outcrops are sparse and are
confined mostly to the south-central part
of the state. A smaller outcrop area also
occurs in the southwesternmost part of
North Dakota along the flanks of the
Cedar Creek anticline.

The Fox Hills Formation
into the subsurface throughout the Knife
River basin by regional dip toward the

is carried

center of the Williston basin. An isopach
map by Cvancara (1976, pl. 4) shows that
in the
eastern Dunn

the thickest sequence of strata

study area occurs in
County, southwestern Mercer County, and
western Oliver County. More than 300
feet (90 m) of Fox Hills rocks are present
in this area, while about 250 feet (75 m)
are reported elsewhere in the study area.
Waage (1968), Feldman (1972),
Erickson (1971, 1974), and Cvancara
(1976) have studied the Fox Hills Forma-
tion in North Dakota and neighboring
states. For detailed stratigraphic discus-
sions of the formation, the
reader is referred to their reports.
Cvancara (1976) recognizes
members in the Fox Hills Formation in
North Dakota. In ascending order they
Trail City, lithology--
consolidated shale

Timber principal

interested

" four

are: principal

sandy and

Lake,

poorly
siltstone;




lithology--fine- to medium-grained, poorly
consolidated and well-indurated sand-
stone; Iron Lightning (with Bullhead and
Colgate lithofacies), principal lithology--
interbedded, poorly consolidated sand-
stone and shale or siltstone (Bullhead
lithofacies),
consolidated muddy
lithofacies);
lithology--very fine-grained,
indurated, This
sequence of rocks is overlain unconform-
ably by the Hell Creek Formation, the
youngest Cretaceous age unit occurring in
North Dakota.

and medium-grained, poorly
(Colgate
principal

sandstone
and Linton,
fine to

siliceous  sandstone.

2.2.2.3 Hell Creek Faormation

In southwestern North Dakota, the
Hell Creek Formation consists of hundreds
of feet of somber carbonaceous clays and
sandstones with occasional lignite zones
(Moore, 1976).
western part of the project area, it varies
from 74-165 feet (22-50 m) in thickness
1976). It
except for a thin marine tongue in south-
central North Dakota. The presence of
fossils establishes
Cretaceous age for the formation.

The Hell Creek Formation and the
overlying Ludlow Formation are lithologi-
cally similar, if not identical, according to
Moore (1976). Separation of the two units
is made on the basis of floral and faunal
differences and the lack of persistent
lignites in the Hell Creek. Neither of the
two formations outcrops

In the subsurface in the

(Moran et al., is nonmarine

dinosaur an Upper

in the project
test-hole logs show that
they are both present in the subsurface.

area; however,

2.2.2.4 Ludlow Formation

The Ludlow Formation is the oldest
Paleocene formation present in the study
area. Moore (1976) subdivided the Ludlow
into several informal units bounded by
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lignites which could be traced laterally
over large areas. He defined the lower
contact of the Ludlow by the occurrence
of the first persistent lignite or lignite
zone.

Like the other Paleocene formations of
North Dakota, sediment of the Ludlow
Formation is unlithified or only moderately
lithified. It consists predominantly of
alternating beds of somber gray and
silt, sand,
Surface exposures occasionally weather to
buff and yellows (Moore, 1976). In out-
crop, the of the
Ludlow Formation to the study area is in
southwestern Burleigh County where it is
only about 13 feet (4 m) thick (Kume and
Hansen, 1965). Its thickness across the
study area varies from 120-220 feet (36-66
m) (pl. 2).

In the southwestern part of the state
the Ludlow Formation is overlain conform-
ably by nonmarine beds of the newly
named Slope Formation (Clayton et al.,
1977). In the central part of the state,
and throughout the the
Ludlow is overlain by marine beds of the
Cannonball Formation.

brown clays, and lignite.

nearest occurrence

study area,

2.2.2.5 Cannonball Formation

The Paleocene Cannonball Formation is
a marine, non-lignitic bearing sequence
consisting primarily of poorly caonsoli-
dated, very fine to fine-grained, light- to
medium-brownish-yellow, weathering sand-
stone and light-gray, weathering sandy
mudstone (Cvancara, 1976). The thickest
sequence in the eastern part of the study
area is more than 300 feet (90 m) in
southwestern McLean County (Bluemle,
1971). Thinning occurs to the west away
from this area except for another thicken-
ing in Dunn County where more than 350
feet (105 m) of Cannonball rocks occur in
the subsurface (pl. 2).



2.2.2.6 Slope Formation

The newly defined Slope Formation is
Paleocene age sequence of
that on the
Cannonball Formation in central North
Dakota (pl. 2) and on the Ludlow Forma-
tion

a nonmarine,

sedimentary rocks rest

in western North Dakota where the
Cannonball is generally absent (Clayton
et al., 1977).
bedded or thinly laminated clay and silt;
plane-bedded and cross-bedded sand; and

Poorly consolidated, un-

lignite (less than one-tenth) are the
principal types of lithology (Clayton
et al., 1977).

Most of the knowledge of the Slope
Formation comes from studies of outcrops
along the
margins of the Williston basin. It is about
290 feet (87 m) thick in its type area
(Clayton et al., 1977) in Slope County,
North Dakota. Its thickness in the sub-
surface across the project area varies
from 30 feet (9 m) in the east to 250 feet
(75 m) in the west (pl. 2).

The
unconformably
Creek Formation (Moore, 1976).
white bleached =zone,

western and southwestern

Slope Formation is apparently
overlain by the Bullion
A wide-
spread, commonly
associated with a siliceous bed, occurs at
the top of the This

white marker zone is quite persistent and

Slope Formation.

is easily recognized in outcrops. In areas
of outcrop the drab, brownish-gray Slope
Formation is distinguished from the over-
lying,
Formation by the color difference (Clayton
et al., 1977). Picking the contact in the
subsurface is more difficult.

yellow-weathering Bullion Creek

2.2.2.7 Bullion Creek Formation

Bullion Creek is another new litho-
stratigraphic name that has recently been
introduced in North Dakota by Clayton
et al. (1977). Tt replaces the Tongue
River Formation in North Dakota and was
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introduced to resolve stratigraphic corre-
lation problems in the state.

The Bullion Creek Formation underlies
the entire project area, but it is exposed
only in outcrops along the Missouri River
trench and in the vicinity of Square
Butte Creek and Glen Ullin. The Bullion
Creek Formation is about 300 feet (90 m)
thick in the Dunn Center area. The
Bullion Creek Formation generally thins to
the east and is less than 200 feet (60 m)
thick in the vicinity of Stanton. Litholog-
ically, the Bullion Creek Formation con-
sists of alternating beds of silt, clay,

sand, and lignite. The basal portion of

the formation, as previously discussed,
consists of a series of highly variable
sand units which reach a maximum thick-
ness of 150 feet (45 m).

The Bullion Creek Formation is over-
lain conformably by the Sentinel Butlte
Formation. Royse (1967) names the crite-
ria for distinguishing between the two
For the

purposes of the present study, the follow-

formations in outcrop areas.
ing criteria are used as a basis for identi-
fying the the

1. A recognizable sequence of named
2.2.3) must be

present in the test hole for proper orien-

contact in subsurface:

lignite beds (see sec.
tation in the stratigraphic section.

2. Two persistent lignite beds (or
zones of lignite beds) must be identified:
the Tavis Creek bed, which always occurs
and the Hagel bed,
which always occurs above the contact.
Previous workers have identified these
beds in outcrop areas within the present
study area (Barclay, 1974; Hemish, 1975)
and have observed that the contact (as
1967) always occurs

below the contact;

defined by Royse,
somewhere in the interval between the two
beds. Different names were formerly used
for the two marker beds because previous
work was done only on a local level--



extensive new data used in the present
study have shown that lignite beds can
be correlated over large areas, so many
local names discarded. A
detailed discussion of lignite bed nomen-

have been
clature can be found in section 2.2.3. In
the Dunn Center Moran et al.
(1976) arbitrarily placed the upper con-
tact of the Bullion Creek Formation at the
base of their informally named J-lignite,

area,

which is shown to be equivalent to the
Hagel bed (see pls. 6-16).

3. A distinctive deflection on mechan-
ical logs indicates the presence of a high
density, high resistivity rock (usually a
limestone, but occasionally a well indu-
rated,
stone or sandstone) in the stratigraphic
interval between the Tavis Creek and
Hagel beds. This deflection can be identi-
fied on approximately seventy percent of
logs examined for the present study.
Both Barclay (1974), who worked in the
Glen Ullin area, and Hemish (1975), who
worked in the Underwood area, noted the

calcium carbonate-cemented silt-

presence of zones of limestone pods or

lenses associated with the contact in
outcrop areas. Hemish suggested that the
lenses were useful as a guide for picking
the contact in the subsurface, but noted
that they were discontinuous. He sug-
gested that the contact should be placed
at the base of the first lithologic unit,
coarser than clay, encountered above his
"TR bed" (Tavis Creek bed). In the
present study this practice has been
followed at most of the test-hole sites
where no limestone or cemented zone was
present in the interval between the Tavis
Creek bed and the Hagel bed.
instances, it was necessary to arbitrarily
pick the contact in the interval between
the Tavis Creek bed and the Hagel bed in

order to maintain

In rare

logical continuity of
correlation.
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To the
Bullion Creek-Sentinel Butte contact was

summarize--in this study,
picked in the subsurface in the interval
between the Hagel bed and the Tavis
Creek bed, at the top of the distinctive
high-density deflection
on mechanical logs. In the absence of this
marker, the contact was picked at the
bottom of the first silt or sand bed en-
countered above the Tavis Creek bed, or
in rare instances, arbitrarily selected in
the interval between the Tavis Creek bed
and the Hagel bed if use of the alternate
criterion was not practical. Selection of
the identifying the
Bullion Creek-Sentinel Butte contact in
the subsurface was based on tracing the

high-resistivity,

above criteria for

known contact from an outcrop area in
the Dengate quadrangle (Barclay, 1974)
into the subsurface, and eventually to
another known contact in an outcrop area
in southwestern McLean County (Hemish,
1975).
structing

This was accomplished by con-
a network of cross sections
throughout the study area (see pls.
6-16), which demonstrate through strati-
graphic correlations the feasibility of the
method.

Of additional interest is the fact that
Munsell identification of drilling
samples from several test holes in the
Underwood area showed a consistent color
change across the Sentinel Butte-Bullion
Creek contact. Colors above the contact
predominantly 2.5Y to 5Y hues,
whereas those below the

color

were
contact were
predominantly 10YR hues with occasional
5Y and 7.5YR hues.
corresponds well with the
"bright"
observed

This colar contrast
"drab"
contact color change commonly
in outcrops.

over

It was not pos-
sible, in other parts of the project area,
to obtain Bullion Creek samples of suf-
ficlent thickness to test these observa-
tions. The color

observed suhsurface



change, if consistent, may be a signifi-
cant tool in the subsurface identification
of the Bullion Creek-Sentinel Butte con-
tact. Additional deep test drilling and
sample analysis are required to test these

observations.

2.2.2.8 Sentinel Butte Formation
The Sentinel Butte Formation
lignite-bearing, nonmarine, Paleocene unit
which is generally somber gray and brown
in outcrop (Jacob, 1976). Yellow colors,
resembling those of the underlying Bullion
Creek Formation characterize some of the
beds, particularly in the lower part of
the Sentinel Butte Formation. As a result,
problems have arisen in distinguishing
between the two formations where out-

is a

crops are poor, particularly in the east-
ern part of the study area.

Lithologically, the formation consists
of alternating beds of silt, clay, sand,
and lignite, with individual beds varying
from less than 1 foot (0.3 m) in thickness
to several tens of feet (Moran et al.,
1976). The upper surface of the formation
is eroded, scattered
where it is protected by remnants of the
overlying Golden Valley Formation. Where
the total thickness of the Sentinel Butte
Formation is preserved in the Knife River
basin, it varies in thickness from 525-575
feet (160-172 m).

Nine major lignite beds or zones of
lignite beds are recognized in the Sentinel
Butte Formation in the project area (see
pls. 6-16 and sec. 2.2.3, this report). Of
these nine lignite beds, only two are
presently being mined on a commercial
scale; the Beulah-Zap bed, in the vicinity
of Beulah, and the Hagel bed, in the
vicinities of Center and Stanton. The
Hagel bed will also be mined in the vicin-
in the near future.

except in areas

ity of Underwood
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2.2.2.9 Golden Valley Formation

The uppermost bedrock unit pre-
served in the Knife River basin is the
Paleocene-Eocene age Golden Valley For-
Thin
aceous zones are present in this forma-
tion, but they are not considered commer-
cially valuable. Hickey (1977) has formally

mation. lignite beds and carbon-

divided the formation into two members, a
lower (Bear Den) member, and an upper
(Camels Butte) member. The lower mem-
ber is up to 60 feet (18 m) thick and
consists of a lower unit of gray silt and
clay, a middle unit of white or orange
kaolinitic clay or silt, and an upper unit
of lavender-gray silt and clay. The upper
member is up to 170 feet (51 m) thick and
consists of conspicuously cross-bedded,
micaceous sand, silty,
fine-grained sand, bentonitic clay, and
chert. Carbonacecus beds are present in
both members, and a thin lignite bed,
termed the Alamo Bluff bed, separates the
two members over much of the area
(Carlson, 1973).

sandstone, or

2.2.2.10 Coleharbor Formation

The Coleharbor Formation, for the
purposes of this study, includes all of
the unconsolidated Pleistocene age sedi-
ments resulting from deposition during
glacial or interglacial periods. Lithologic
types include gravel, silt,
and pebble loam (till).

The Coleharbor Formation unconform-
ably overlies either the Golden Valley,
Sentinel Butte, or Bullion Creek For-
mations in the study area. No attempt has
been made to differentiate the various
units within the formation because it was
not considered important for purposes of
this study.

Although most of the Knife River
sediment of the

sand, clay,

basin was glaciated,




Coleharbor Formation only as
discontinuous patches over all but
northern and eastern parts. Thicknesses
of till range up to 200 feet (60 m) or
more in the vicinity of Underwood. Valley
fill, consisting of outwash gravels, sand,

occurs
its

silt, clay, and pebble loam occurs in
diversion trenches and preglacial and
glacial stream channels and valleys.

Thickness of these valley fills ranges up
to 300 feet (90 m) or more. Their primary
in their
shallow aquifers. The configuration of

importance is usefulness as
some of these valley-fill units is shown on
the
report (see pls. 6-16).

cross sections accompanying this

2.2.2.11 Oahe Formation

The Oahe Formation, as used in this
study, includes all of the Holocene age
stream, pond, and windblown sediment. A
discussion of the Oahe Formation is in-
cluded in appendix B. Lithologic units
range from gravel, to sand, to silt, to
clay, to highly organic clays that have
accumulated in slough and pond bottoms.
Where present, the Oahe Formation is the
surface unit, and although generally not
very thick, local accumulations of more
than 50 feet (15 m) are known. Thickest
deposits occur on flood plains of streams
and in windblown sand dunes such as
those south of the Knife River between
Hazen and Stanton. Mappable loess depos-
its occur downwind from the Missouri
River trench (see pl. 1).

2.2.3 Lignite Deposits

2.2.3.1 History of nomenclature

Previous studies of the lignites in the
Knife River basin and McLean County
area have generally been restricted to
specific localities. Most previous studies

relied heavily upon outcrop data which
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was often widely scattered and poorly
exposed. Very little subsurface data was
available; thus, the determination of the

stratigraphic position of the various
lignite beds and their relationship to
lignites in other areas was extremely

difficult. In most cases, local names were
applied to the lignites in a given area,
with only highly generalized suggestions
of correlation to other parts of the area.
As a result is presently a very
large number of names, many of which
duplicative, deal of
confusion as to the stratigraphic and
geographic distribution of the wvarious
lignites.

Studies by Leonard et al. (1925)
included a brief discussion of the lignites
in the Dunn Center, Beulah, and Wilton
areas. Benson (1952) mapped the lignites
in the Mercer County area and suggested
correlations to lignites previously mapped
in adjacent areas. Johnson and Kunkel
(1959) mapped the lignites
areas of Oliver County and suggested

there

are and a great

in several

correlations between those areas and with
lignites mapped by Benson in Mercer
County. Barclay (1973 and 1974) mapped
the lignite deposits in the Glen Ullin and
Dengate quadrangles, Morton County. He
was also able to delineate the contact
between the Bullion Creek and Sentinel
Butte Formations in those areas. Moran
et al. (1976), with the aid of considerable
test-hole data, discussed the detailed
stratigraphic relationships of the various
lignites and associated materials in the
Dunn Center area, Dunn County, North
Dakota.

The present study has relied heavily
upon subsurface data. A series of cross
sections of the study area (pls. 6-16)
were constructed which demonstrate the
lateral continuity and traceability of the
various lignites in the upper 500-700 feet



(150-210 m) of materials. This
generally represents the entire Sentinel

interval
Butte Formation as well as the upper
portion of the Bullion Creek Formation,
particularly in the eastern part of the
study area where erosion has removed the
upper the Butte

Formation. The cross sections were based

part of Sentinel
upon existing state and federal agency
test-hole data, lignite exploration data
supplied by the North American Coal
and test-hole data obtained
by rotary rig and auger rig drilling for

Corporation,

this project.

Nine lignites, each consisting of one
or more beds, are present in the Sentinel
Buftte and mappable
throughout the study area. Three lignites

Formation are
in the upper part of the Bullion Creek
Formation are also traceable across the
6-16). In addition, two
the Creek
Formation have been tentatively correlated
with the Harmon and Hansen beds which

study area (pls.

lower lignites in Bullion

outcrop in southwestern North Dakota.

In the following sections, the nine
traceable lignites Buite
Formation and three lignites in the upper
Bullion Creek Formation are discussed in
detail. Each lignite is named; in as many

possible

in the Sentinel

cases as existing names are
used. New names are proposed where the
existing nomenclature is imprecise or
confused. An attempt has been made to
relate as many as possible of the numer-
ous names used in previous studies to the
(fig. 2.2.3.1-1). In

some cases this is not possible due to the

new nomenclature

lack of specific reference sections. Addi-
tional confusion has resulted from the fact
that in some areas either one name has
been mistakenly applied to several lignite
beds or several names have been applied
to a single bed. These problems have

been largely due to a lack of understand-
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ing of local and regional structure by
previous workers.

2.2.3.2 Bullion Creek Formation
2.2.3.2.1 Hansen and Harmon beds
(tentatively named on cross sections).--

The Hansen and Harmon beds outcrop in
North
Dakota and have been mapped and dis-
cussed by workers (Leonard
et al., 1925; Hares, 1928; Brant, 1953;
Rehbein, 1977). These beds appear to be
persistent over larger geographic areas,

various areas of southwestern

various

and are generally considered to be strati-
graphically the lowest major lignites in
the Bullion Creek Formation. Insufficient
data is available to permit definite corre-
lation of two major lignites encountered in
deep test holes (pls. 10 and 11) in this
study with the Hansen and Harmon beds.
the
these two lignite beds in the lower part
their

thickness, and their apparent persistence

However, stratigraphic position of

of the Bullion Creek Formation,

across the study area strongly suggest
that such correlation may be possible.
These lignites are correlated with the M-
and N-lignites of Moran et al. (1976, p.
95) in the Dunn Center area. Additional
deep test-hole data may eventually permit
the formal naming of the two lignite beds
throughout the Knife River basin.
2.2.3.2.2 Weller Slough bed (New).--
The Weller Slough bed
was named for Weller Slough in south-
western McLean County, North Dakota.
The lignite bed is well developed in the

Source of name:

subsurface in this vicinity.
Type area: Southwestern
County, North Dakota.
Type test hole: NDSWC 3914, SW%SE%-
SWhsec 32, T146N, R82W (see appendix
A).

McLean

Reference test hole: REAP 18, NWj-
NW4NWhsec 5, T146N, R83W (see appendix
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Names of Lignite Beds as Applied by Various Workers

L

Leonard, et al. Johnson and Hemish Moran, et al.
This Report (1925) Andrews (1939) Benson (1952) Kunkel (1959) Barclay (1974) (1975) (1976)
Harnisch Harnisch C
Twin Buttes Twin Buttes Byer(?) B
Schoolhouse Schoolhouse Otter Creek A
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Figure 2.2.3.1-1. Formally named traceable lignite beds in the Sentinel Butte and upper Bullion Creek Formations and their relationship to names applied by
previous workers,



A).

Description of unit: The Weller Slough
bed is black to brownish-black coal hav-
ing the rank of lignite. It characteristic-
ally slacks rapidly when exposed to the
atmosphere. If is locally impure and may
include stringers of brown carbonaceous
clay as well as lenses of gray sand, silt,
or clay.

Regional extent and thickness: The
Weller Slough bed has been traced from
its type area into southwestern Mercer
County (see pls. 10, 11, and 12). In
boring no. USGS G 169-46, NE4LNE%NW4sec
12, T143N, R90W, it is a single lignite
bed 12 feet (3.6 m) thick with only a
Test
drilling in the Dunn Center area indicates

minor clay parting near its top.

that a lignite bed is present at a depth of
600 feet (180 m) in the approximate
stratigraphic position of the Weller Slough
bed, but a definite correlation cannot be
made at this time. In the type well the
Weller Slough bed is 3 feet (0.9 m) thick;
however, it thickens laterally, and in the
reference test hole it consists of a 5-foot
(1.5-m) thick lignite associated with thin
carbonaceous clay stringers separated by
silty clay partings.

Differentiation from other units: The
Weller Slough bed is differentiated from
other coal beds on the basis of its strati-
graphic position in a known sequence of
beds. In the type test hole it occurs 14
feet (4.2 m) below the base of the Coal
Lake Coulee bed and 35 feet (10.5 m)
above the top of the next major coal bed,
which has been tentatively correlated with
the M-lignite of Moran et al. (1976, p.
95). Similar intervals prevail between the
wWeller Slough bed and the lignite beds
lying above and below in the reference
test hole.

Correlation: The Weller Slough bed
appears to be equivalent to the Hancock

20

bed of Benson (1952). However, the
proximity of the Weller Slough bed to the
Lake Coulee bed and a
lack of good exposures in the area where

overlying Coal

the Hancock bed was named allow for the
possibility that the Hancock bed is equiv-
alent to the Coal Lake Coulee bed. No
other previously named lignites are known
that may be correlative with the Weller
Slough bed.

Age: The Weller Slough bed is
Paleocene in age and is included in the
Bullion Creek Formation.

2.2.3.2.3  Coal Lake Coulee bed
(New).--Source of name: The Coal Lake
Coulee bed was named for Coal Lake
Coulee in southwestern McLean County,
North Dakota. The lignite bed is well
developed in the subsurface in this vicin-
ity.

Type area: Southwestern
County, North Dakota.

Type test hole: NDSWC 3914, SW%SE%-
SWhsec 32, TI146N, R82W (see appendix
A).

Reference test hole: REAP 18, NWk-
NWi4NW4sec 5, T146N, R83W (see appendix
A).

Description of wunit: The Coal Lake
Coulee bed 1is black to brownish-black
coal having the rank of lignite. It charac-
teristically slacks rapidly when exposed to
the atmosphere. It may include dark-
brown to black carbonaceous clay and

McLean

gray clay or silt locally.

Regional extent and thickness: The
Coal Lake Coulee bed has been traced in
the subsurface as far south as the Morton
County line (see pls. 10, 11, and 12),
and into eastern Dunn County in the
vicinity of Halliday (see pls. 13, 15, and
16). Insufficient control prevented any
further correlations. In the type well the
Coal Lake Coulee bed is 8 feet (2.4 m)
thick, but it is generally only 2-4 feet




(0.6-1.2 m) thick. It frequently occurs as
a split bed, one of which may be carbona-
ceous clay. It also appears to merge
locally with the Tavis Creek bed.
Differentiation from other units:
Coal Lake Coulee bed
from other coal beds on the basis of its
stratigraphic

The
is differentiated
position in a known se-
quence of beds. In the type test hole it
occurs 14 feet (4.2 m) below the base of
the Tavis Creek bed, and 14 feet (4.2 m)
above the top of the Weller Slough bed.
In the reference test hole it occurs 22
feet (6.6 m) below the base of the Tavis
Creek bed and 9 feet (2.7 m) above the
top of the Weller Slough bed.

Correlation: As previously discussed,
the Coal Lake Coulee bed may he correlat-
able with the Hancock bed discussed by
Benson (1952, p. 258),
lack of adequate data no positive state-

but because of

ment can be made.

Age: The Coal Lake Coulee bed is
Paleocene in age and is included in the
Bullion Creek Formation.

2.2.3.2.4 Tavis Creek bed (Old).--
Source of name: The Tavis Creek bed was
informally named by Barclay (1974), p.

8-9 in a report on the lignite deposits of
the Dengate quadrangle, Morton County,
North Dakota.

Type area: The Dengate and Glen
Ullin quadrangles, Morton County, North
Dakota.

Type test hole:
SELSW%SWhsec 18,
Barclay, 1974).

Reference test hole: REAP 7, SW4%SWk-
SWhsec 14, T144N, R85W (see appendix
A).

Description of unit: The Tavis Creek
bed is black to brownish-black coal hav-
ing the rank of ligrite. It characteristic-

USGS C-67 D4143,

T139N, R8TW (see

ally slacks rapidly when exposed to the
atmosphere. It frequently splits into two
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or more beds 1-20 feet (0.3-6 m) apart
silt,
carbonaceous clay and silt are
commonly included.

Regional extent and thickness: The
Tavis Creek bed is present throughout
the project area. It occurs at considerable

separated by gray sand, or clay.

Brown

depths everywhere except for small areas
near Glen Ullin and on the east side of
the Missouri River trench in the Fort
Mandan badlands (Hemish, 1975). In the
type area the Tavis Creek bed is common-
tly 20-40 feet (6-12 m) bhelow the upper
contact of the Bullion Creek Formation
(Barclay, 1974, p. 9). It is only about 3
feet (0.9 m) thick in the type well, but
at that site a local upper split is present
about 12 feet (3.6 m) above the main
bed. Barclay (1974, p. 9) has mapped the
upper bed as a local upper bench of the
Tavis Creek bed. He observed that this
local upper bench, which is a carbona-
ceous shale or thin lignite bed in some
places, appears to merge with the main
Tavis Creek bed in some areas. Examina-
6-16)
shows that the upper split is quite persis-
tent north of the type area and that it
appears to merge with the main bed in
eastern Oliver and Mercer Counties. Here
the Tavis Creek bed
below the contact between the Bullion
Creek and Sentinel Butte
The Tavis Creek bed is generally
thicker than it is in the type test hole. It
reaches thicknesses of 5-6 feet (1.5-1.8
m) in a single bed in the type area
(Barclay, 1974, p. 9). In the reference
test hole where the bed is split apart by
clay partings the total thickness of the
interval is 17 feet (5.1 m) with the main
seam being 6 feet (1.8 m) thick.
According to Moran et al. (1976), the
Creek bed (K bed) is not well
developed in the subsurface in the Dunn

tion of the cross sections (pls.

is generally just

Formations.

Tavis



Center area. However, recent new drilling
in southern Dunn County, northern Stark
County, and southeastern Billings County
shows that the Tavis Creek bed is pres-
ent there, and that it has characteristics
similar to those considered typical for the
bed.

Differentiation from other units:
Tavis Creek bed
other coal beds on the basis of its strati-

The
is differentiated from

graphic position in a known sequence of
beds. In the project area it is the upper-
in the Bullion Creek
In the type test hole the
upper split of the Tavis Creek bed is 54
feet (16.2 m) below the base of the Hagel
(Richter) bed, and 32 feet (9.6 m) below
the contact between the Sentinel Butte
and Bullion Creek Formations.

most named bed
Formation.

In the reference test hole the Tavis
Creek bed is 71 feet (21.3 m) below the
base of the lower split of the Hagel bed
and 3 feet (0.9 m) below the contact
Butte and Bullion
Creek Formations. It is 29 feet (8.7 m)
above the top of the Coal Lake Coulee
bed.

between the Sentinel

Correlation: The Tavis Creek bed is
equivalent to the TR bed of Hemish
(1975, p. 22), named informally in the

The
Tavis Creek bed is also equivalent to the
Knoop bed of Benson (1952) and the K
bed (1976).
(1974, p. 9) lists several local informally
named beds in the Glen Ullin area that he

southwestern McLean County area.

of Moran et al. Barclay

considers to be approximately equivalent
to the Tavis Creek bed. The relationship
between the Tavis Creek bed and the HT
Butte lignite, a thick lignite bed that
occurs at the top of the Bullion Creek
Formation of western North
Dakota, is unclear at this time.

The Creek bed is

Paleocene in age and is included in the

in parts

Age: Tavis
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Bullion Creek Formation.

2.2.3.3 Sentinel Butte Formation

2.2.3.3.1 Hagel bed (Old).--Source of
name: The Hagel bed was named for the
Hagel mine in sec 2, T141N, R84Ww, Oliver
County, North Dakota (Johnson and
Kunkel, 1959).

Type area: The Square Buttes area of
eastern Oliver County, North Dakota.

Type test hole: REAP 1, SE%SE%SE%-
sec 35, TI142N, R85W (see appendix A).

Reference test hole: REAP 7, SWa-
SW4SWhsec 14, T144N, R85W (see appen-
dix A).

Description of unit: The Hagel bed is
black to brownish-black coal having the

rank of lignite. It characteristically slacks
rapidly when exposed to the atmosphere.
It may include dark-brown to black car-
bonaceous clay locally and is usually
characterized by one or more brown or
gray clay partings. Silt or sand lenses
may be included locally.

Regional extent and thickness: The
Hagel bed is present throughout the
project area. It is the lowermost formally
lignite in the Sentinel Butte
Formation. The Hagel bed is sufficiently

close to the surface in the eastern and

named

southeastern areas (Underwood area,
Center area, Glen Ullin area) to make it
amenable to strip mining. According to
(1976, p. 89-90), the J-
lignite (equivalent to the Hagel bed) has
a mean thickness of 8 feet (2.4 m)
throughout the of Dunn

County. This figure seems appropriate for

Moran et al.

central part
the entire Knife River basin project area
and is representative of the thickness of
the Hagel bed in the type test hole.
Examination of plates 6-16 indicates that
the Hagel bed often splits into two or
more minor seams that are separated by
several feet of intervening sediment. In




the Underwood area an associated 4-foot
(1.2-m) thick lignite seam informally
named the B bed by Hemish (1975, bp.
28-29) occurs about 15-20 feet (4.5-6 m)
below the Hagel bed. This bed is included
in the Hagel Another
lignite bed, informally named the C bed
by Hemish (1975, p. 28-29),
traceable west of the Missouri
occurs between the B bed and the base of
the Sentinel Butte Formation.
Differentiation from other units: The
Hagel bed is differentiated from other coal

lignite interval.
and not
River,

beds on the basis of its stratigraphic
position in a known sequence of beds. In
the type test hole it occurs 64 feet (19.2
m) below the base of the Kinneman Creek
bed and 82 feet (24.6 m) above the top of
the Tavis Creek bed.

Correlation: The Hagel bed is equiva-
lent to the Richter bed informally named
by Barclay (1974, p. 8-9); the Stanton
bed of Benson (1952, p. 256); the
Underwood A bed of Hemish (1975, p.
28-29); and the J-lignite of Moran et al.
(1976, p. 88-90).
Hagel bed in the Hazen area is equivalent
to the Hazen A bed of Benson (1952, p.
255).
equivalent to the Garrison Creek bed of
Andrews (1939, p. 72).

Age: The Hagel bed is late Paleocene
in age and is included in the Sentinel
Butte Formation.

2.2.3.3.2 Creek  bed
(New).--Source of name: The Kinneman

The lower split of the

The Hagel bed is also apparently

Kinneman

Creek bed was named for an exposure in
a small abandoned mine adjacent to
Kinneman Creek in the NW4YNW4NWhsec 19,

T144N, R85W, Mercer County, North
Dakota.
Type area: The Knife River basin

area of west-central North Dakota.
USGS 306-18, SW%-
T144N, R85W (see USGS

Type test hole:
SW%SE4sec 18,
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Open-File Report 77-857; also pl. 7, this
report).

Reference test hole: REAP 12, SE%-
SW4SWisec 8, T144N, R87W (see appendix
A).

Description of wunit: The Kinneman
Creek bed is black to brownish-black coal
having the rank of lignite. It characteris-
tically slacks rapidly when exposed to the
atmosphere. Its main seam is one of the
most persistent and consistent lignites
observed in the Knife River basin. It is
identified by distinctive deflec-
tions on geophysical logs. The main seam
of the Kinneman Creek bed is associated

readily

with overlying and underlying seams of
lignite and carbonaceous clay which are
not as persistent. Sedimentary bodies of
sand, silt,

these seams from the main seam, making

and clay commonly separate

the total interval quite variable across the
study area.

Regional extent and thickness: The
Kinneman Creek bed is present through-
out the Knife River basin, except where
it has been removed by erosion. It has
also been identified in scattered areas at
the east of the

in southwestern McLean

higher elevations to

Missouri River
County. In the type test hole, the main
seam of the Kinneman Creek bed consists
of 8 feet (2.4 m) of lignite overlain by 4
feet (1.2 m) of black carbonaceous clay
and underlain by 2 feet (0.6 m) of black
carbonaceous clay. A 4-foot (1.2-m) thick
associated lignite seam occurs about 38
feet (11.4 m) lower in the section. Exami-
nation of plate 7 indicates that the inter-
val between these two seams closes to
only 8 feet (2.4 m) in the reference test
hole located approximately eleven miles
west of the type test hole. This pair of
seams is typical of the Kinneman Creek
bed over much of the study area (see

pls. 6-16).



Differentiation from other units: The
Kinneman Creek bed is differentiated from
other coal beds on the basis of its strati-
graphic position in a known sequence of
beds. In the reference test hole it occurs
66 feet (19.8 m) below the base of the
Antelope Creek bed and 41 feet (12.3 m)
above the top of the Hagel bed.

Correlation: The Kinneman Creek bed
is equivalent to the I-lignite of Moran
et al. (1976). It is equivalent to the
Hazen B bed as mapped by Benson (1952)
in the Beulah area. However, the "Hazen
B bed" as mapped in the Hazen area is
the upper split of the Hagel bed. The
Kinneman Creek bed is equivalent to the
Star bed of Benson (1952, p. 255). The
Kinneman Creek bed is equivalent to both
the Berg and Kuether beds of Johnson
and Kunkel (1959, p. 39 and 41) in
eastern Oliver County. It is also equiva-
lent to the bed mistakenly identified as
the "Beulah-Zap bed" in the Otter Creek
area by Johnson and Kunkel (1959, p.
44-45).

Age: The Kinneman Creek bed is late
Paleocene in age and is included in the
Sentinel Butte Formation.

2.2+3.3.3 Antelope Creek bed
(New).--Source of name: The Antelope
Creek bed was named for Antelope Creek,
which flows southeastward through north-
central Mercer County, North Dakota, and
joins the The
Antelope Creek bed outcrops in steep
valley walls adjacent to Antelope Creek

Knife River at Hazen.

west of Hazen.
Type area: The Knife River basin
area of west-central North Dakota.
Type test hole: REAP 12, SE%SW,SWh-
sec 8, TI144N, R87W (see appendix A).
Reference test hole: REAP 6, SE%SE%-
SE%sec 36, TI146N, R89W (see appendix
A).
of unit: The

Description Antelope
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Creek bed is black to brownish-black coal
having the rank of lignite. It characteris-
tically slacks rapidly when exposed to the
atmosphere. It includes dark-brown
carbonaceous clay locally. The bed gener-
ally occurs as a pair of lignite seams
but

may also occur as several seams split

separated by brown or gray clay,

apart by deposits of sand, silt, or clay.

Regional extent and thickness: Except
where it has been removed by erosion,
the Creek bed is traceable
throughout the Knife River basin. It is
River. The
Antelope Creek bed is the most variable
bed found in the study area. It ranges
from a 4-foot (1.2-m) thick single lignite
seam (REAP 6) to a 50-foot (15-m) thick
zone of

Antelope

eroded east of the Missouri

lignite and carbonaceous clay
seams interbedded with sands, silts, and

clays. In central Dunn County (Moran
et al., 1976, ©p. 85) the H-lignite
(Antelope Creek equivalent) reaches a

thickness of 9 feet (2.7 m).

Differentiation from other units: The
Antelope Creek bed is differentiated from
other coal beds on the basis of its strati-
graphic position in a known sequence of
beds. In the type test hole it occurs 53
feet (15.9 m) below the base of the Spaer
bed (Jim Creek bed is not present) and
46 feet (13.8 m) above the top of the
Kinneman Creek bed. In the reference
test hole the Antelope Creek bed occurs
12 feet (3.6 m) below the base of the Jim
Creek bed and 62 feet (18.6 m) above the
top of the Kinneman Creek bed.

Correlation: The Antelope Creek bed
is equivalent to the H-lignite of Moran
et al. (1976). It is also equivalent to the
Yeager bed of Johnson and Kunkel (1959,
p. 39) as mapped in
County and the Buckmann bed as mapped
by Johnson and Kunkel (1959, p. 44) in
the Otter Creek area.

eastern Oliver




Age: The Antelope Creek bed is late
Paleacene in age and is included in the
Sentinel Butte Formation.

2.2.3.3.4 Jim Creek bed (New).--

Source of name:. The Jim Creek bed was

named for Jim Creek, which drains an
North
Dakota where the coal seam is well devel-

area in northern Dunn County,
oped.

Type area: The northwestern part of
the Knife River basin area of west-central
North Dakota.

Type test hole: USGS G 169-43,
SE4NE4SWhsec 10, T149N, R93W  (see
USGS Open-File Report 76-869; also pl.

15, this report).

Reference test hole: USGS G 169-37,
NE4%SW%NE%sec 20, T146N, RI92W (see
USGS Open-File Report 76-869;
15, this report).

Description of unit: The Jim Creek
bed is black to brownish-black coal hav-

also pl.

ing the rank of lignite. It characteristi-
cally slacks rapidly when exposed to the
atmosphere. It occasionally grades lateral-
clay.

Regional The
Jim Creek bed is generally a single lignite
seam that rarely exceeds 4 feet (1.2 m)
in thickness. Locally

ly into dark-brown carbonaceous
extent and thickness:

it splits into two
seams. It is equivalent to the F bed of
Moran et al. (1976) and merges with the
G-lignite (of their report) northeast of
Dunn Center to form a single bed 10 feet
(3 m) or more in thickness. From the
the Jim Creek bed can be

traced east and southeast in the subsur-

type well

face to approximately the area of Beaver
Creek bay (see pl. 15), and the Mercer-
Oliver County line (see pl. 16). The Jim
Creek bed is not present in much of the
eastern part of the project area.
Differentiation from other units: The
Jim Creek bed is differentiated from other
coal beds on the basis of its stratigraphic
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position in a known sequence of beds. In
the type test hole it occurs 40 feet (12
m) below the base of the Spaer bed and
31 feet (9.3 m) above the top of the
Antelope Creek bed.
The Jim Creek bed is
equivalent to the F-
Moran et al. (1976).

Age: The Jim Creek bed is
Paleocene in age and is included in the
Sentinel Butte Formation.

2.2.3.3.5 Spaer bed (0Qld).--Source
of name:

Correlation:
and G-lignites of

late

The Spaer bed was named from
exposures of the Spaer ranch in the
NE%sec 12, T143N, R89W, Mercer County,
North Dakota (Benson, 1952, p. 253).
Type area: The Knife River basin
area of west-central North Dakota.
Type test hole: REAP 6, SE%SE4%SE%-
sec 36, T146N, R89IW (see appendix A).
Reference test hole: USGS B 74-89,
NE4NWYNEY%sec 11, TI144N, RBIW (see
appendix A; also pl. 6, this report).
Description of unit: The Spaer bed is
black to brownish-black coal having the
rank of lignite. It characteristically slacks
rapidly when exposed to the atmosphere.
Locally it may include gray or green clay
and brown carbonaceous clay. In places it
is capped by a thin, silicified carbona-
ceous shale that weathers white in part.
Regional extent and thickness: In the
Beulah-Zap area the Spaer bed generally
ranges from 2-6 feet (0.6-1.8 m) or more
in thickness. Where it has been traced in
the remainder of the Knife River basin
area, It is generally thinner and occasion-
ally pinches out. It also splits into as
many as four thin lignite stringers sepa-
rated by clay, silt, or silty sand. In
places the lignite grades
carbonaceous clay. Except for local areas
where the bed pinches out, and east of a
line

laterally into

running generally south from

Garrison Dam, where it has been truncat-



ed by erosion, the Spaer bed is present

throughout the project area. In an area
occupying several square miles north of
Beulah,

Beulah-Zap bed to form a single lignite

the Spaer bed merges with the
seam in excess of 22 feet (6.6 m) in
thickness (see pls. 6 and 9).
Differentiation from other units: The
Spaer bed is differentiated from other
coal beds on the basis of its stratigraphic
position in a known sequence of beds. In
the type test hole it occurs 36 feet (10.8
m) below the base of the Beulah-Zap bed
and 39 feet (11.7 m) above the Jim Creek
bed. The distance between the beds is

extremely variable, and correlations are

best accomplished through the use of
distinctive  deflections on geophysical
logs.

Correlation: The Spaer bed is equiva-
lent to the
(1976) .

Age:

E-lignite of Moran et al.

The Spaer bed is late Paleocene
in age and is included in the Sentinel
Butte Formation.

2.2.3.3.6 Beulah-Zap bed (Old).--

Source of name: The Beulah-Zap bed was

named and mapped near the towns of
Beulah and Zap in Mercer County, North

Dakota, by Leonard et al. (1925, p.
125-130).
Type area: The Knife River basin

area of west-central North Dakota.

Type test hole: REAP 12, SE%SW4%SW%-
sec 8, T144N, R87W (see appendix A).

Reference test hole: REAP 6, SE%SE4%-
SEhsec 36, TI146N, R89W (see appendix
A).

Description of unit: The Beulah-Zap
bed is black to brownish-black coal hav-
ing the rank of lignite. It characteristi-
cally slacks rapidly when exposed to the
atmosphere. According to numerous sec-
tions measured by Benson (1952,

17, 18, and 19) the upper 3 feet (0.9 m)

figs.
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or more of the bed often includes minor
impurities, dark-brown carbonaceous clay,

bony lignite, soft impure lignite, and
black lignitic clay.
Regional extent and thickness: The

Beulah-Zap bed is present throughout the
project area except where it has been
removed by erosion (mostly in the areas
along drainages such as the Knife River
and Spring Creek, and

part of the study area, generally east of

in the eastern

a north-south line paralleling state high-
ways 200 and 31). Its thickness is vari-
able, but in general averages about 12
feet (3.6 m). The Beulah-Zap bed com-
monly splits, and occurs locally as two to
five lignite and carbonaceous clay seams
separated by clay, silt, or sand. Thus,
the entire interval may expand to 30 feet
(9 m) or more in thickness (see pls.
6-16). The Beulah-Zap bed and Spaer
bed, as previously discussed, merge
north of Beulah in T144N, R88W, to form
a seam over 20 feet (6 m) in thickness
(see pls. 6 and 9).

Differentiation from other units:
Beulah-Zap bed is
other coal beds on the basis of its strati-

The
differentiated from

graphic position in a known sequence of
beds. In the reference test hole it occurs
58 feet (17.4 m) below the base of the
Schoolhouse bed and 60 feet (18 m) above
the top of the Spaer bed. In the type
test hole, the top of the Beulah-Zap bed
occurs 74 feet (22.2 m) below the surface.
The Schoolhouse bed
site. The top of the Spaer bed is only 15
feet (4.5 m) below the base of the Beulah-
Zap bed in the type test hole.

Correlation: The Beulah-Zap bed is
equivalent to the Dunn Center bed of
Leonard et al. (1925, p. 83) and Moran
et al. (1976). It is also equivalent to the
Herman bed of Johnson and Kunkel (1959,
p. 44) as mapped in the Otter Creek area

is eroded at this




of Cliver County.
The Beulah-Zap bed is
Paleocene in age and is included in the

Age: late

Sentinel Butte Formation.
2.2.3.3.7 Schoolhouse bed (Old).--
Source of name: The Schoolhouse bed was

named for an exposure in a small mine
near a rural school in the southern part
of sec 27, T142N, R89W, Mercer County,
North Dakota.

Type area: The south-central part of
the Knife River basin, west-central North
Dakota.

Type test hole: USGS 306-L14, NW%-
SWhslNWhsec 24, TI142N, R89W (see USGS
Open-File Report 77-857; also pl. 12, this
report).

Reference test hole: USGS G 169-52,
SE4SE%SFY4sec 10, T142N, R88W (see USGS
Open-File Report, 76-869; 16,
this report).

Description of unit: The Schoolhouse
bed is black to brownish-black coal hav-

also pl.

ing the rank of lignite. It characteristi-
cally slacks rapidly when exposed to the
atmosphere. In the vicinity of its type
and reference test holes it splits into two
seams that are separated by 8-12 {feet
(2.4-3.6 m) of clay,

sand. Elsewhere in the study area it may

sand, and silty
include gray silty clay and brown carbo-
naceous clay.

extent and thickness: The
bed is widely distributed
throughout the study area.

Regional
Schoalhouse
It is locally
truncated by erosion in areas of low
elevation to the west and throughout the
eastern part of the study area where the
upper part of the Butte
Formation been The
Schoolhouse bed apparently merges with
the Beulah-Zap bed
County (see pl.
thin lignite seams which grade

into

Sentinel
has eroded.
in western Dunn
16) where it splits into
several
carbonaceous and

laterally clay

27

eventually pinch out to the west. In the
type test hole the Schoolhouse bed con-
sists of an upper lignite seam 5 feet (1.5
m) thick and a lower lignite seam 4 feet
(1.2 m) thick separated by about 8 feet
(2.4 m) of gray clay and very fine sand.
Examination of plates 6-16 demonstrates
that the Schoolhouse bed may occur as a
single bed, as several beds of variable
thickness, or as beds composed of a high
proportion of carbonaceous clay.
Differentiation from other units:
Schoolhouse bed
other coal beds on the basis of its strati-
graphic position in a known sequence of
beds. In the type test hole it occurs 56
feet (16.8 m) below the bottom of the
Twin Buttes bed and 38 feet (11.4 m)
above the top of the Beulah-Zap bed.
lignite beds occur locally
between the Schoolhouse and Beulah-Zap
beds,
the project area.
the named beds
Schoolhouse bed are extremely variable.
For (1952, p. 251)
observed that the Schoolhouse bed ranges
from 45-100 feet (13.5-30 m) above the
Beulah-Zap bed in the Medicine Butte and
Broncho quadrangles.
The Schoolhouse bed is
equivalent to the A-lignite of Moran et al.
(1976). It is also equivalent to the Otter
Creek bed of Johnson and Kunkel (1959,
p. 45).
Age:

The
is differentiated from

Discontinuous

specifically in the central part of
The intervals between
above and below the

example, Benson

Correlation:

The Schoolhouse bed is
Paleocene in age and is included in the
Sentinel Butte Formation.

2.2.3.3.8 Twin Buttes bed (0Old).--
Source of name: The Twin Buttes bed was

late

named for exposures near a pair of small
conical buttes in sec 28, TI143N, RIOW,
Mercer County, North Dakota (Benson,
1952, p. 252).

Type area: The southwestern part of



the Knife River basin, west-central North
Dakota.

Type test hole: USGS G 169-52, SE%-
SE%SE4%sec 10, TI142N, R88W (see USGS
Open-File Report 76-869; also pl. 16, this
report).

Reference test hole: USGS G 169-38,
SE%NE4%NE4%sec 2, T146N, R94W (see USGS
Open-File Report 76-869; also pl. 15, this
report).

Description of unit: The Twin Buttes
bed is black to brownish-black coal hav-
ing the rank of lignite. It characteristi-
cally slacks rapidly when exposed to the
atmosphere. In the area where it was
thin and

persistent clay parting near the middle.

named it is impure, with a
The Twin Buttes bed is one of the most
in the

Twin

variable of all the named coals
Knife the
Buttes bed may thicken into a bed of

River basin. Locally
good quality lignite or grade laterally, in
a very short distance, into brown carbo-
naceous shale.

Regional extent and thickness: In the
type test hole the Twin Buttes bed is 5
feet (1.5 m) thick; in the
test hole in northern Dunn
County, it consists of two 5-foot (1.5-m)
thick beds separated by 4 feet (1.2 m) of
gray clay.
bed is thickest in the western part of the

however,
reference

In general, the Twin Buttes
Knife River basin where it is of some
economic importance (see pls. 13, 14, 15,
and 16). As previously stated, the Twin
Buttes bed
often occurs as a thin lignite or carbona-

is extremely variable, and
ceous clay seam. Because several seams of
lignite reaching a thickness of only about
1 foot (0.3 m) occur locally in the inter-
between the Harnisch bed and the
next named lignite below the Twin Buttes,

val

correlation is often uncertain. The vari-
ability in the extent and thickness of the
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Twin Buttes bed is due in part to the
presence of a thick widespread sand body
present in the upper 100 feet (30 m) or
Butte Formation.
The
is differentiated from

more of the Sentinel

Differentiation from other units:
Twin Buttes bed
other coal beds on the basis of its strati-
graphic position in a known sequence of
beds. In the type test hole it occurs 58
feet (17.4 m) below the base of the
Harnisch bed and 91 feet (27.3 m) above
the top of the Schoolhouse bed. These
extremely the
interval between the Twin Buttes bed and
the Schoolhouse bed is only 35 feet (10.5
m) in the reference test hole in northern

intervals are variable;

Dunn County.

Correlation: The Twin Buttes hed is
equivalent to the B-lignite of Moran et al.
(1976). It may also be equivalent to the
Byer bed of Johnson and Kunkel (1959,
p. 46).

Age: The Twin Buttes bed
Paleocene in age and is included in the

is late

Sentinel Butte Formation.

2.2.3.3.9 bed (OId).--
Source of name: The Harnisch bed was
named by Benson (1952, p. 71, 83, and
84) from exposures in the SE%SEksec 23,
T140N, R91W, northeastern Stark County,
North Dakota.

Type area: The southwestern part of
the Knife River
North Dakota.

Type test hole: USGS 306-M58, NWk-
NE4NE4sec 8, T140N, R88W (see USGS
Open-File Report 77-857; also pl. 12, this

Harnisch

basin, west-central,

report).
Reference test hole: USGS G 169-46,
NEXNE%NW4sec 12, T143N, RI9OW (see

USGS Open-File Report 76-869;
16, this report).
Description of unit: The Harnisch bed

also pl.

is black to brownish-black coal having the




rank of lignite. It characteristically slacks
rapidly when exposed to the atmosphere.
It includes stringers of brown carbona-
ceous shale locally, and may grade into
brown carbonaceous clay.

The
Harnisch bed is the uppermost named coal
bed in the Sentinel
Where present it occurs just below the
contact with the Golden Valley Formation.
In northeastern Stark County,
(1952, p. 71) observed that a sandy
phase of the lower member of the Golden
Valley. the
Harnisch bed. The bed is well developed
in southwestern Mercer County and parts

Regional extent and thickness:

Butte Formation.

Benson

Formation channeled into

of adjoining counties. It is typically about
4 feet (1.2 m) thick, but may vary local-
ly. In central Dunn County the bed splits
into two or more lignites separated by
clay partings and having a total thickness
of as much as 18 feet (5.4 m) (see pls.
13 and 14). The Harnisch bed has been
largely removed by erosion in the western
parts of the Knife River basin and is
totally absent in the eastern and north-
eastern parts of the project area.

The
Harnisch bed is differentiated from other
coal beds on the basis of its stratigraphic
position; relationship to the
Golden Valley Formation, and its presence
at the the Butte
Formation. In the type test hole it occurs
about 36 feet (10.8 m) above the top of
lignite bed, the
interval is ex-

Differentiation from other units:

i.e., its

top of Sentinel

the next lower named
Twin Buttes bed. This
tremely variable.

The Harnisch bed is
apparently equivalent to the C-lignite of
Moran et al. (1976).

The Harnisch bed 1is late
Paleocene in age and is included in the
Sentinel Butte Formation.

Correlation:

Age:
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2.3 Structure
2.3.1 Regional Structure

The study area is located wholly
within the Williston basin (fig. 2.3.1-1),
a shallow structural and sedimentary
basin which includes 51 600 square miles
(133 000 sg. km) in North Dakota
(Carlson and Anderson, 1970). The
center of the basin lies just to the north-
west of the project area in northwestern
Dunn County. According to Moran et al.
(1976),

Formation dip toward the west

rocks older than the Cannonball
in the
vicinity of Dunn Center, but the regional
dip in the Bullion Creek and Sentinel
Butte Formations is toward the east. It is
not clear whether this indicates a migra-
tion of the center of the Williston basin to
the east or whether the subsidence of the
basin had
filled.

Cross

ceased and the basin was
sections prepared for the
present study (pls. 15 and 16) show that
the beds in the
Sentinel Butte Formations dip from the

Bullion Creek and
west and the east toward a center located
approximately along the Dunn County-
Mercer County boundary in the vicinity of
Dodge. Displacement of the center of the
Williston basin at the onset of the
Cenozoic Period is thus shown to have
been about 40 miles (64 km) to the east.

A structure map of the Knife River
basin drawn on the top of the Bullion
Creek Formation (pl. 22) supports the
evidence provided by the cross sections.
The contact between the Bullion Creek
and Sentinel Butte Formations occurs in
the subsurface at an elevation of 1 488
feet (450 m) above MSL about four miles
northeast of Dodge and just east of the
Dunn County line. This elevation repre-
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Figure 2.3.1-1. Map showing the Williston basin and the study area (cross-hatched). The stippled area is the deepest
part of the basin. (Modified from Carlson and’ Anderson, 1970.)

sents the lowest point in North Dakota
of the Sentinel Butte
Formation have been recognized to date.

Although the bedrock strata in the
study area generally appear to be flat-

where strata

lying in outcrops, they do dip gradually
(10-25 feet per mile (2-4.7 m per km))
according to Benson, 1952; Hemish, 1975;
and Hickey, 1966. Locally, beds with
greater dip angles or even flat-lying beds
may be present due to small-scale struc-
tures.

2.3.2 Small-Scale Structure
Examination of the structure map (pl.

22) of the Bullion Creek-Sentinel Butte
contact shows that numerous small syn-
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clines and anticlines are superimposed on

the regional structure. Some of these

structures locally reverse the regional
dip. A north-south trending,

structural

elongated
depression in western Dunn
County brings the contact down to an
elevation near 1 750 feet (525 m) even
though it is well above 2 000 feet (600 m)
a few miles to the west and at 1 900 feet
Other

smaller structural depressions and ridges

(570 m) a few miles to the east.

interrupt the regional dip, which brings
the Tertiary strata up toward the margins
of the Williston basin where they either
feather out or are truncated by erosion.

A more detailed discussion of small-
scale structures and the processes that
features is

may have produced these




presented in sgection 3.3 of this report.
2.4 Geologic History
2.4.1 Pre-Tertiary
The geologic history of the Knife
River basin is recorded by the sequence

in the Wwilliston
Because

of sediments preserved
(fig. 1.1.3-1).
occupying a basin are exposed only along

basin strata
its edges (far from the study area, in
this
required to make proper interpretations
about the buried pre-Tertiary formations.

case), subsurface information is

OQur present knowledge of these rock
strata in the project area comes mostly
from deep drilling for water and petro-
leum.

Drill hole data show that sediment of
the Cambrian Deadwood Formation, which

rests unconformably on  Precambrian
basement rocks, consists of limestone,
shale, and sandstone. Carlsoen and

Anderson (1970) described the Deadwood
as a stable shelf deposit extending east-
ward from the Cordilleran geosyncline.
Sediment was probably derived from the
transcontinental arch, a large ridge-like
from Lake
To

the east of the study area the Cambrian

cratonic feature extending

Superior southwest toward Arizona.

sandstones lap unconformably against the

pre-Paleozoic basement rocks of the
Canadian Shield.

Other preserved pre-Tertiary rocks
in the Williston basin also show by their
thickness and distribution a primary
convergence toward the transcontinental
arch. In some cases,
flects by

major unconformities.

this thinning re-

truncation erosion, marking

Following deposition of the Deadwood
Formation, and during the remainder of

the Paleozoic Era, the Williston basin
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A Middle
(Winnipeg
Predominantly

continued to receive sediment.
Ordovician clastic
Group) deposited.
carbonate deposition followed and contin-
ued through Middle Silurian time (Carlson
and Anderson, 1970).

Subsequent to a period of erosion

sequence
was

marked by a major unconformity, predom-
inantly carbonate deposition in marine
waters once again occurred. Thin clastic
beds and evaporites (mostly halite and
anhydrite) were
this interval of
Mississippian time. Another unconformity

is at the top of clastic sediments of the

also deposited during

Devonian and

Upper Mississippian Big Snowy Group.

Slight subsidence characterized the
williston during the
and Triassic
Clastics, minor carbonates, and

structural basin

Pennsylvanian, Permian,
Periods.
evaporites were deposited under marine
conditions. These are overlain by non-
marine redbeds and another major uncon-
1970).
in Middle Jurassic time,
epeiric seas advanced over western North
Dakota from the north and west. Middle

and Upper Jurassic strata that lap across

formity (Carlson and Anderson,
Beginning

the above mentioned unconformity, record
transgression of the sea over the western
craton. Restricted environment evaporites
and red shales were deposited first,
followed by normal marine carbonates, and
then fine-grained clastics of the Sundance
Group. Late Jurassic time marks the last
significant carbonate and evaporite depo-
sition in the Williston basin. Subseguent
to retreat of the Sundance seas, non-
marine silts and shales of the Morrison
Formation were deposited, followed by
and shale of the
Lakota Formation at the onset of the

Cretaceous Period.

sandstone, siltstone,

Transgression again occurred during

Cretaceous time. About one-third of the



present land area of the earth was sub-
merged during the middle of the period,
roughly 100 million years ago. The west-
_ern craton was flooded from both the
Arctic and Gulf regions. Thick deposits
of marine sediment were laid down in
North Dakota as waters merged over the
area. Sand and sandstone which comprise
the Dakota aquifer were deposited as
transgression progressed. Marine shales,
comprising a section approximately 3 000
feet (900 m) thick in the Knife River
basin were deposited in the epeiric seas.

Regression commenced during Late
Cretaceous time about 75 million years
ago, and the transitional Fox Hills

Formation was deposited. Sandstones of
this formation are an important aquifer in
the study area where they reach a thick-
ness of 300 feet (90 m) (Cvancara, 1976).
By the end of the period, the sea had
retreated and continental deposits of the
Hell laid

down. The close of the Cretaceous is

Creek Formation were being

marked by extinction of the great dino-

saurs, whose presence in western North
Dakota is recorded by abundant fossil
remains in the Hell Creek Formation.

2.4.2 Tertiary

During the early Cenozoic the western
part of North Dakota was an area under-
going aggradation. Sediment eroded from
uplifted the Rocky
Mountains to the west was being dumped

newly ranges in
by streams flowing eastward. Deposition

occurred in rivers, lakes, and swamps,
and to some extent in deltas and along
the plains  bordering the

Cannonball Sediment deposited in

coastal
seas.
the Cannonball Sea during the Paleocene
Epoch records the last vestige of marine
conditions in the Williston basin. About
the end of Paleocene time, the continent's
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last epeiric sea apparently retreated to
the Gulf of Mexico.

At many places in the study area the
strata contain well-preserved plant and
which indicate that the
early Cenozoic climate was subtropical to

animal fossils

temperate. Petrified stumps, plant frag-

ments, whole leaves, pollen grains, and
other vegetative debris in various stages
of coalification are abundant. Most of the
faunal remains are fresh water gastropods
and mollusks (except for the fossils found
in the Cannonball Formation, which are
Volcanic ash
constituent of wmany of the sediments
attesting to great eruptions in the area to

the west.

marine). is an abundant

Conditions were right for preservation
of the lush growth of vegetation that fell
into the A delicate
balance between the water table and the

Paleocene swamps.
sediment surface had to be maintained if
the vast coal swamps were to persist.
According to Moore (1976) a coal swamp
may be terminated by an influx of water,
by an influx of sediment, or it may be
partially or totally destroyed by erosion.
The lateral continuity and thickness of
beds in the Bullion
Butte Formations
long periods of

coal
and Sentinel

indicate that
uniform conditions prevailed

some of the
Creek
seems to
widespread,
in the Wwilliston basin during the latter
part of the Paleocene. The environment
was probably similar to that of the mod-
ern Mississippi delta of the southern
United States.

The youngest Tertiary age formation
the project area is the
continental Golden Valley Formation.
According to Hickey (1977, p. 2) "the
predominance of channel-facies sandstone
lenses interbedded with typical overbank

and backswamp deposits throughout both

preserved in

members indicates a fluvial origin." This




contradicts the interpretations of previous
who believed that the
member of the formation had a lacustrine
origin. Hickey (1977) also concluded from
fossil plant evidence that western North

workers lower

Dakota had a subtropical climate during
early Eocene time. Sediment was being
transported into the Williston basin from
weathered highlands lying to the west.

No age

preserved in the study area;

other Tertiary rocks are
however,
remnants of sediments preserved on high
buttes in marginal areas provide clues to
the geologic events that transpired during
the time preceding the Quaternary Period.
About 425 feet (128 m) of Oligocene and
Miocene deposits cap
the unglaciated southwestern part of
North Dakota (Stone, 1972). All of the
rocks of these erosional remnants are of
likely that

they were continuous over the project

isolated buttes in

continental origin. It seems
area prior to the onset of downwasting,
which commenced in the late Tertiary and
all of their
was dominant

traces
the
geologic force acting on the region up to

completely erased

presence. Erosion
the time of continental glaciation.

2.4.3 Quaternary

Pleistocene glaciation was one of the
most dramatic events in the geologic
history of North Dakota. Although the
effect of this climatic event is not as
profound in the project area as elsewhere
in the state, it left its mark in many
Ice sheets advanced across the
area from the north and northeast an

unknown number of times.

ways.

The maximum
advance of the earliest glacier to invade
the Knife River basin is now marked only
by

scattered erratics. Erosion has re-

33

moved almost all other material brought in
by the ice sheet. Although the age of the
onset of glaciation in the project area is
it was probably in excess of
one million years ago.

uncertain,

The preglacial drainage system in the

region was characterized by eastward
which
charged into Hudson Bay. The valleys of

the modern Spring Creek and Knife River

flowing streams ultimately dis-

had been established prior to glaciation.
The principal
modification of the landscape by tempo-

effects of glaciation were

rary drainage diversions (Moran et al.,
1976). Eastward and northeastward flow-
ing streams were blocked by glacial ice,
creating lakes which eventually rose until
they topped low places in the interstream
divides. The water then spilled over the
divides, cutting outlets which permitted
water of the original streams as well as
glacial meltwater to drain to the south-
east. Benson (1952), and Moran et al.
(1976) much more detailed
discussion of these diversion trenches;

present a

the interested reader is referred to those
reports for further information.

Extensive alteration of the landscape
by glaciation is manifested most obviously
in the northeast one-third of the project
area. Deep valleys were filled with drift;
till form hummocky
topography with numerous closed depres-
sions;

was deposited to
a veneer of till was draped over
much of the area,
existing

smoothing the pre-
and the segment of
the Missouri River valley below Garrison

landscape;

Dam was cut by diversion waters.
Alteration of the landscape by glacia-
tion over the remainder of the study area
is largely manifested by the diversion
trenches mentioned above. Erosion has

removed most of the glacial sediment so



that the form of the present day topogra-
phy is much like it was prior to glacia-
tion.

2.4.4 Post-Quaternary

The post-glacial era has heen a time
when wind and running water have been
largely responsible for shaping the land-
scape. Surface rocks have undergone
chemical and physical changes. Weathering
has loosened particles which have washed
hill

sloughs,

accumulated in
and on the

down slopes and

ponds, trenches,
flood plains of streams.
Wind has played a role in reshaping
the landscape, particularly in areas where
a supply of unprotected sand or silt is
available. Sand dunes (now largely stabi-
lized) deposited by post-glacial winds,
cover many square miles adjacent to the
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Knife River along its lower reaches. Loess
deposits thinly veneer almost all of the
area and locally attain thicknesses of six
feet (2 m) or more downwind from the
Missouri River trench. Lesser accumula-
tions of windblown sediment resulted from
severe erosion of agricultural land during
the drought years of the 30s when "black
blizzards" were common in the Great
Plains.

Not to be discounted are the changes
to the Jandscape being brought about by
the presence of man. Not only does tillage
of the land create opportunities for ero-
sive processes to go to work, but also
overgrazing by domestic stock, drainage
damming of rivers (bluffs

along Lake Sakakawea),

of wetlands,
construction of
highways and railroads, and perhaps the
most obvious--stripping of the land to
develop the region's vast lignite reserves.



3 BEULAH-HAZEN AREA

3.1 Introduction

3.1.1 Scope and Purpose of Study

This part of the report describes the
geology of the Beulah-Hazen area located
in west-central North Dakota wholly
within Mercer County (fig. 3.1.1-1). The
primary purpose is to provide a map, at a
scale of 1:63 000, of the lithologic, litho-
and lithostrati-
graphic units in the Beulah-Hazen area

genetic, morphogenetic,
and to provide information on the exis-
tence, thickness, and depth of
beds in the eight adjoining 7%-minute
quadrangles included within the area of

lignite

study.
3.1.2 Study Methodology
The field work for the Beulah-Hazen

in June, 1976. Surficial
geologic mapping was done directly on

study began

U.S. Geological Survey T7%-minute series
topographic maps, scale 1:24 000. Maps
used included the Beulah, Beulah NW,
Beulah NE, Hazen East, Hazen West,
Hazen NE, Hazen NW, and Zap quadran-
gles.
pairs,

In addition, aerial photo stereo-
scale 1:20 000, were used as an
Soil
maps prepared by the U.S. Department of
Soil  Conservation
were obtained from the Mercer County
A.S.C.S.

tion provided by these maps proved to be

aid for placing geologic contacts.

Agriculture Service

Office in Hazen. The informa-
extremely valuable, not only in permitting
more accurate placement of geologic con-
tacts, but also in allowing better use of
time.

It should be noted here that there
are certain limitations to maps of the scale
prepared for this study. Because it is

35

difficult to show small areas, dissimilar
units may be included within the bounda-
indicated
Boundaries between units are generally
in the field,

gradually over a distance of a few feet to

ries of units on the map.

not distinct but change
several hundred feet. The geologist must
arbitrarily draw a line of contact between
map units; thus, occasional discrepancies
may be found.

The surficiati mapping was done by
traversing all section line roads and trails
the

roads were good, permitting access to all

accessible by wvehicle. Generally,
but the most rugged areas. It was neces-
sary to walk into these areas on several
occasions to examine exposures and to

verify interpretations made from some of

the above mentioned sources. Lithologic
information was obtained by studying
exposures in road ditches, roadcuts,

railroad cuts, freshly dug excavations,

lignite mine highwalls, and areas of
badlands topography. Additional informa-
tion was obtained by use of a shovel and
hand pick. Surficial lithologic units less
than 2.5 feet (0.75 m) thick were ig-
nored. Color names used in the lithologic
descriptions were those given in the
Munsell Soil Color Charts, 1973 Edition.

Subsurface information was obtained
from test-hole the North
Dakota Geological the United
States Geological Survey, and the North

Dakota State Water Commission. Additional

drilling by
Survey,

information was obtained from commercial
well drillers' logs, and logs provided by
The North American Coal Corporation.

3.1.3 Previous Studies

The geology and lignite resources of
the Beulah-Hazen area have been mapped
and discussed by various workers in
varying levels of detail. Leonard et al.
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Figure 3.1.1-1. Map showing the Beulah-Hazen area, Mercer County, North Dakota.

(1925) named the Beulah-Zap bed and
included a brief discussion of the lignite
resources in the Benson (1952)
mapped the lignite resources of the area
and proposed names for many of the
individual beds. Carlson (1973) mapped
the surficial materials

area.

in the area at a
scale of 1:250 000 and included a compre-
hensive discussion of previous studies.

3.1.4 Geographic Setting

The Beulah-Hazen area is located in
west-central North Dakota between 101°30'

to 102° west longitude and 47°15' to
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north latitude

coordinates

(fig.
bound

47°31' 3.1.1-1).
These an area of
approximately 404 square miles (1 047 sq.
km). Topographically, this region belongs
to the Missouri Plateau section of the
Great (Lobeck, 1950).

The topography is characterized, for
the most part, by integrated drainage.
The exception is an elongate hummocky
glacial feature,

Plains Province

known as the Krem mo-
raine, which caps the divide between the
Knife River and Missouri River drainages.
This area is characterized by numerous
closed depressions.

The most striking features of the



Figure 3.1.4-1. Badlands topography developed on the Sentinel Butte Formation in the NE%SEYsec 22, T144N,
R87W. (Note fragments of petrified wood in foreground of photograph.)

landscape are the flat-floored, Missouri
diversion which
incised as much as 400 feet (120 m) below
the surrounding highlands, giving the
western part of the area almost a moun-
These trenches represent

River trenches, are

tainous aspect.

partially-filled glacial meltwater valley
systems. They trend generally northwest-
southeast across the southwest corner
(Golden Valley Trench) and west-central
(Beulah Trench) part of the project area
(pl. 3).

The highest point in the map area
occurs on a small hummock on the Krem
A U.S. Coast and Geodetic
Survey triangulation station at the north-
east corner of sec 7, T145N, R85W, marks
an elevation of 2 340 feet (702 m) above
MSL. The lowest point occurs in the
SW4SWihsec 34, T145N, R85W, just east of
Highway 200 where the Knife River flows
out of the mapped area. The elevation at
this point is approximately 1 690 feet (507
m) above MSL.

The principal stream in the Beulah-

is the Knife River, which

moraine.

Hazen area
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flows northeastward and joins the Missouri
River about six miles (9.6 km) east of the
mapped quadrangles. It is joined from the
south by Otter Creek, Brady Creek, and
Creek; from the north by
Creek, Coal Creek, and
Antelope Creek; and from the west by
Spring Creek. Lake Sakakawea,
Creek Bay, Rener Bay, and Beulah Bay
adjoin the area along most of the north-
western boundary (pl. 3).

Kinneman
Raymond

Beaver

Although much of the area consists of
sloping bedrock topography draped with
glacial sediment, local dissection of the
Golden Valley and Sentinel Butte Forma-
tions has produced badlands topography
(fig. 3.1.4-1).
from

Extensive areas of scoria

brick-colored rims
caprock where lignite beds have burned
and the overlying
baked.

The climate of the area is semiarid,

resistant or

sediment has been

characterized by long, severe winters and
short, hot Average annual
precipitation is about 18 inches (45.7
cm), more than half of which falls during

summers.



the summer months.

Mixed prairie vegetation dominates the
region, with native grasses covering most
of the uncultivated uplands and slopes.
Woodlands occur along valley bottoms and
on steep gully sides. Trees in windbreaks
and shade belts are common around farm
sites.

Beulah and Hazen are the two towns
of the area, both having populations of
approximately 1 300 according to the 1970
census. Renewed interest in development
of the lignite industry has led to recent,
rapid expansion of these towns and cur-
rent population figures are considerably
higher. The Burlington Northern, Inc.
(formerly Northern Pacific Railroad) links
the region to Bismarck as well as points
State Highways 49 and 200 and a

number of county and township roads

west.

traverse the area making accessibility to

most points quite easy. The extreme
northwestern corner of the region is
occupied by the Fort Berthold Indian

The Creek State
Game Management Area and the Hille State
Lake
Sakakawea along many miles of shoreline

Reservation. Beaver

Game Management Area adjoin
in the northern part of the area.

3.2 Stratigraphy
3.2.1 General Statement

The
Hazen area are included in two general

strata underlying the Beulah-
categories: (1) the subsurface rocks not
exposed in the study area (only briefly
mentioned); and (2) the Paleocene and

younger rocks which outcrop or were

penetrated during test-hole drilling.
The Sentinel Butte Formation of
Paleocene age and the Golden Valley

Formation of Paleocene-Eocene age are the
only bedrock formations that outcrop in
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the study area. These rocks are exten-
sively covered by Pleistocene age glacial
drift and Holocene deposits. Stratigraphic
in the Beulah-Hazen
appendix A. A
geologic map is presented on plate 3. An

sections measured
area are included in
accessory lignite map and a generalized
stratigraphic section of the part of the
Sentinel Butte Formation exposed in the
Beulah-Hazen area are presented on plate
4. Four cross sections (pls. 6, 7, 8, and
9) show the stratigraphic position of the
lignites in the Beulah-Hazen area.
3.2.2 Subsurface Rocks

According to Carlson (1973), an oil
test hole drilled in eastern Oliver County
penetrated Precambrian rock at a depth of
8 850 feet (2 655 m).
the Precambrian increase to the north and
west toward the axis of the Williston
basin, it can be inferred that depth to
the basement rock in the study area is
about 10 500-11 000 feet (3 150-3 300 m).
(1973) the
rocks in Mercer and Oliver

Because depths to

Carlson also discussed
Paleozoic
Counties. Thicknesses ranged from 4 500

feet (1 350 m) in the southeast to 7 500

feet (2 250 m) in the northwest. He
recognized four sequences in the
Paleozoic; the Sauk, Tippecanoe,
Kaskasia, and Absaroka, with the

Absaroka including some Triassic rocks.
The thickness of the Paleozoic section in
the Beulah-Hazen area
6 000 feet (1 800 m).
The Mesozoic section should be ap-
proximately 4 200 feet (1 260 m) thick
according to data provided by Carlson
(1973). The Cretaceous age Hell Creek
Formation is the
lithostratigraphic unit occurring

is approximately

Mesozoic

in the
subsurface in the study area. It is over-
of the Zuni

uppermost

lain by Cenozoic rocks




in thick-
ness, ranging from 250 feet to 1 350 feet

Sequence which vary greatly

(75-405 m), due to regional dip, regional
slope, and processes of erosion (Carlson,
1973). Bedrock formations of Cenozoic age
present in the study area include the
Ludlow, Cannonball, Slope, Bullion Creek,
Sentinel Butte, and Golden Valley
Formations.

A test hole was drilled about six miles
(9.6 km) northeast of Hazen (REAP 17,
SWHNWLNWHENWYSsec 34, T145N, RB5W).
The Bullion Creek-Cannonball contact was
reached at a depth of 340 feet (102 m) at
an elevation of 1 394 feet (418 m) above
MSL (pl. 11). Although the hole was
drilled an additional 260 feet (78 m), the
total sequence of beds in the Cannonball
Formation was not penetrated. Thus, the
total  thickness of the Cannonball
Formation was not established. Because no
other test holes were drilled to depths
the top of the

Cannonball Formation, these rocks will not

sufficient to penetrate

be discussed in further detail.

The the Sentinel
Butte and Bullion Creek Formations was
reached at a depth of 123 feet (37 m) in
test hole REAP 17 at an elevation of 1 611
feet (483 m) above MSL (pl. 11). Thus,
the the Bullion Creek
Formation in the southeastern part of the
study area is about 217 feet (65 m) which
agrees very well with the thickness as
shown on plate 2. The Bullion Creek-
Sentine!l Butte contact was picked at the
top of a tan limestone lying just above
the Tavis Creek bed (pls. 7, 8, 9, and
11) in accordance with criteria outlined in
2.2.2.7. The Bullion Creek
test hole REAP 17, is
composed predominantly of silty clay and

contact between

thickness of

section
Formation, in

clayey silt, with some very fine grained
sand and silty sand. About 20 percent of
the total thickness of the formation con-
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sists of lignite and carbonaceous clay. An
8-foot (2.4-m) thick lignite bed with a
carbonaceous clay parting lies just above
the contact with the Cannonball Formation.
The upper part of the Cannonball in this
test hole is composed of dark-gray, very
fine sand and silty sand occasionally
interbedded with silt, silty clay, and
brown carbonaceous silty sand.

3.2.3 Surface Rocks
3.2.3.1 Sentinel Butte Formation

The Butte Formation of
Paleocene age outcrops over most of the

Sentinel
study area. In some areas the Sentinel
Butte is overlain by a veneer of glacial
drift and locally may be overlain by the
Golden Valley Formation.
posed in the highwalls
abandoned lignite pits, road and railroad

It is well ex-
of active and

cuts, and in steep areas adjacent to the
Knife River, and Lake
Sakakawea. Sections were measured at
Beulah and at the Indian Head Mine (see
app. A) which give detailed descriptions
of the rocks of part of the Sentinel Butte
Formation. A generalized stratigraphic
section of the portion of the formation
exposed in the Beulah-Hazen area is
included on plate 4.

Spring Creek,

In general, the Sentinel Butte
Formation is composed of weakly indu-
rated, interbedded sand, silt, clay,

carbonaceous clay and shale, lignite and a
The color of
the rocks is usually a drab gray-brown

small amount of limestone.

with occasional lighter gray or yellow-
brown bands. White-weathering, silicified,
carbonaceous shale, and petrified tree
stumps (fig. 3.2.3.1-1) occur locally. A
good outcrop of a silicified carbonaceous
shale zone can be seen in the NW% of sec
24, T144N, R89W, just west of the rail-

head at the Indian Head Mine, where the



road crosses a small tributary stream of
Spring Creek.

The the
Sentinel Butte rocks in the Beulah-Hazen

outcrop appearance of

area is strikingly similar to those de-

scribed in other parts of western North

Dakota (Barclay, 1972; Benson, 1952;
Carison, 1973; Hemish, 1975; Moran
et al., 1976). No attempt was made to

into units as was
done by Barclay (1974) and Stancel
(1974); however, it should be noted that
a widespread very fine to fine-grained
with black
grains, is present in the upper 120 feet
(36 m) of the Sentinel Butte in the west-
ern part of the study area. This sand-

divide the formation

sandstone, yellowish~brown

stone is resistant to erosion and caps
many ridges and buttes in the highlands
adjacent to the Golden Valley trench and
west of the Beulah trench at elevations
ranging from 2 000-2 150 feet (600-645 m)
above MSL (fig. 3.2.3.1-2).

A 740-foot (222-m) deep test hole
(REAP 6) was drilled in the SE corner of
sec 36, T146N, R89W, that penetrated the
entire thickness of the Sentinel Butte
Formation (see pl. 6). The contact be-
the overlying Golden
Formation the  Sentinel

Valley
Butte

tween
and
Formation
130 feet (39 m). The Bullion Creek
Formation was reached at a depth of 662
feet (199 m). Thus, the thickness of the
Sentinel Butte Formation is known to be
at least 532 feet (160 m) in northwestern
Mercer County. This figure agrees fairly
well with Carlson (1973, p. 26) who
considered the formation to be slightly
over 500 feet (150 m) in thickness in the

same area.

3.2.3.2 Golden Valley Formation
The Golden Valley Formation is the
uppermost bedrock unit present in the

was penetrated at a depth of _
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Beulah-Hazen area. It occurs as erosional

remnants in highlands in the extreme
southwest corner of the mapped area, and
also in the northwestern part of the area
where it outcrops west of Beulah trench
at elevations generally above 2 150 feet
(655 m).

Hickey (1977) has formally named two
members in the Golden Valley Formation.
Both the (Bear Den) member,
consisting predominantly of kaolinitic,
sediment with some sand,
and lignite, and the

upper (Camels Butte) member, consisting

lower

fine-grained
carbonaceous clay,

(in the study area) mostly of yellowish-

brown, calcareous, micaceous, Cross-
bedded sandstone were recognized. Two
sections were measured (see app. A) in
the northwest part of the mapped gquad-
rangles. A contact was picked between
the Sentinel Butte
Golden Valley Formation at an outcrop in
the SW%SE4NE% sec 9, T145N, R88W. As

can be noted from the description of the

Formation and the

sediments (see Northeast Zap Section,
app. A), the contact is gradational. This
interpretation is in agreement with Hickey
(1972, p. 111), "Although
sharp changes in lithology are sometimes

who states,
found at the boundary, in most cases,
Fort Union sediments simply grade upward
into Golden
through a zone of transition, making its

those of Valley aspect
exact placement impossible."

Good exposures of the upper member
of the Golden Valley Formation were
rarely seen. However, a micaceous sand-
stone outcropping in the road ditch in the
NE%SE4sec 7, T145N, R88W, was identified
as the Camels Butte member. Another
exposure of this member was seen in the
NE4NW4NE4sec 10, T145N, R89W, at an
elevation of about 2 260 feet (678 m). At
this site the sandstone has weathered to
rounded, billowing forms protruding




Figure 3.2.3.1-1. Petrified tree stump exposed in the SW%SW¥sec 20, T145N, R85W. Dimensions-8 feet
(2.4 m ) in diameter.

Figure 3.2.3.1-2. Sandstone at the top of the Sentinel Butte Formation capping a butte in the SE¥aNWsec
10, T145N, R88W.
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that has
(fig.

soil
drift

through grass covered
developed
3.2.3.2-1).

The thickness of the Golden Valley
the

entire

on glacial

determined in
the
section is nowhere present. Where eroded

Formation was not

Beulah-Hazen area because

remnants are present in upland areas
they are generally overlain unconformably
by Pleistocene age glacial deposits (fig.
3.2.3.2-2).

3.2.3.3 Coleharbor Formation

The principal occurrences of sediment
of the Coleharbor Formation include: (1)
thick deposits of sand, gravel, silt, and
pebble loam (till) in glacial meltwater
trenches (Golden and Beulah
trenches) and (2) generally thin patches
of pebble loam (till) on upland surfaces,

Valley

predominantly in the area north of Beulah
and Hazen. No serious attempt was made
to differentiate the
age units,

various Pleistocene

largely because it was not
considered significant to the objectives of
three,

the study. However, or possibly

four, different tills were recognized in
various exposures and test holes.

Bluemle (1976) examined two tills
exposed in cut banks along Lake
Sakakawea and concluded that the lower
equivalent to the
Wisconsinan Dead Man till of Bluemle
(1971) and the Medicine Hill Formation of
Ulmer and Sackreiter (1973). It is a
compact, mottled, reddish-brown to gray
containing abundant

unit  was pre-

bench-forming unit,
shale pebbles and lignite fragments up to
four inches or more in diameter. Bluemle
(1976) believed that the till overlying this
equivalent to the early
Wisconsinan Napoleon till of
(1971) and Carlson (1973), and the Snow
School Formation of Ulmer and Sackreiter
(1973). This till is present at the surface

unit  was

Bluemle
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over a large part of the mapped area (see
pl. 3). sandy, and clayey,
mottled and gray with
orange iron oxide spots.

It is silty,

yellow-brown
Carbonate peb-
bles predominate, but igneous and meta-
morphic types as well as locally derived
sedimentary rock
Small weathered lignite frag-

ments are common.

fragments are also

included.

Lithologically, the surface till on the
Krem moraine is indistinguishable from the
surface till observed over most of the
remainder of the glaciated area (pl. 3).
However, because of the comparative lack
of integrated drainage, the presence of
outwash deposits associated with it, and
the sharpness of the hummocks on it, it
is believed that the glacial deposits of the
Krem moraine represent a stratigraphically
younger unit than the deposits underlying
the more subdued areas. One radiocarbon
date, W-402,

moraine in Mercer

from a site on the Krem
County (11 220+300
yrs) indicates that the Krem deposits are
probably correlative with the late Wiscon-
sinan Lostwood drift of western McLean
County (see Bluemle, 1971, p. 55).

Deposits of the Coleharbor Formation
were described at an outcrop in Beulah
and at an exposure in a cutbank along
Kinneman Creek (see app. A). It is
apparent that the materials observed at
Beulah represent at least three glacia-
tions, while the units at Kinneman Creek
represent two glaciations. The lower unit
at Kinneman Creek appears to be correla-
tive with the Dead Man till, but the
upper unit's stratigraphic designation is
problematical.

3.2.3.4 Oahe Formation

windblown silt and sand of Holocene
age is present as the surface material
over much of the area studied; however,
it is generally too thin to map at the




Figure 3.2.3.2-1. Exposures of sandstone of the Camels Butte member of the Golden Valley Formation,
NEWNWY:NEY%sec 10, T145N, R89W at an elevation of about 2 260 feet.

Figure 3.2.3.2-2. Till unconformably overlying kaolinitic clay beds of the Bear Den member of the Golden
Valley Formation, NE4UNE%NEYsec 24, T145N, R89W. Contact occurs at base of fence
posts at an elevation of about 2 180 feet.



scale used for this project. An exception
to this occurs in the north-central part of
the study area (see pl. 3) where loess
deposits 2-6 feet (0.6-1.8 m) or more
thick blanket the highlands southeast of
the Missouri River trench (now occupied
by Lake Sakakawea). Mappable windblown
sand deposits also occur on the uplands
south of the Knife
Creek (see pl. 3).
Other Holocene

River and Spring
age surficial units
found locally in the study area include
highly and
sloughs;

in marshes
dirty gray, black,
silts and clays containing pebbly sand on

organic clays

and brown

flood plains of streams and on the lower
parts of hillslopes; laminated gray and
black organic silts and clays in ponds and
lake basins; and fine- to medium-brown
and gray sand, including some gravel, on
terraces, flood plains, and alluvial fans.
All of the above have been included in
the Oahe Formation. A detailed discussion
of the Oahe

appendix B.

Formation is included in

3.3 Structure
3.3.1 Regional

The Beulah-Hazen area is located on
the east side of the Williston basin, an
intracratonic, broad structural downwarp
extending under most of western North
Dakota (see fig. 2.3.1-1). The deepest
point of the basin is located approximately
in the area of the Killdeer Mountains in
Dunn County, about 50 miles west of the
. Beulah-Hazen study area.

2),
County

An east-west cross section (pl.

extending from central Dunn
through northern Mercer County to east-
ern McLean that the
regional dip on the Sentinel Butte strata

is about six feet per mile to the west

County, shows
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through the Beulah-Hazen area.

3.3.2 Local

A structure map of the top of the
Beulah-Zap bed indicates that numerous
small-scale local structures are present in
the Beulah-Hazen study area (fig.
3.3.2-1). The strata have been folded
into round or elongated domes, synclines,
and anticlines. Two noteworthy anticlinal
features are evident. One is about 8 miles
(12.8 km) long and strikes N45°W from
sec 31, TI146N, R87W to sec 15, TI146N,
R89W. Data are somewhat limited in the
area of the other, but it appears to
strike N40°W from sec 2, T145N, R86W to
sec 22, T146N, R87W.

A structurally low area in secs 9, 10,
11, 12, 13, 14, 15, and 16, T145N, R88W,
is manifested in several ways. Its exis-
tence was first suspected when it was
noted that white, silty sand
beds of the Golden Valley Formation
outcrop at anomalously low elevations in

kaolinitic

this area. An alternate explanation for
this occurrence could be that a large
the Golden Valley

Formation has been incised into the top of

stream channel in
the Sentinel Butte Formation (see Hickey,
1972, p. 112). However, it was also noted
that outcrops of scoria resulting from the
burning of the Beulah-Zap lignite bed are
conspicuously absent in this area, even
though they continuously
present where brings the
Beulah-Zap bed above the surface along
the walls of the Beulah trench elsewhere
3). Finally, preparation of the
map, test-hole data,
confirmed the existence of the suspected

are almost

structure

(see pl.
structure using
synclinal structure.
Larger, intermediate scale structures
in the form of elongate synclines affect

the geomorphology of the area. Benson
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Figure 3.3.2-1. Structure contour on the top of the Beulah-Zap bed.
(1952) suggests that the valleys of the suggesting that the locations of the

Knife River and Spring Creek follow such
synclines. It has been noticed that lignite
beds commonly tend to dip toward the
stream valleys, and it has been suggested
that this might be the result of land
slides, slumping, or camber of the lignite
beds into the valleys (Barclay, 1974).
Although this probably does occur locally,
deep test-hole drilling reveals that beds
below the valley walls also dip toward the
axis of the stream valleys (see pls. 6-16)
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stream valley are, at least in part, struc-
turally controlled.

Faults resulting from local slumping
are common in the area, but a fault
observed in the highwall of the Indian
Head Mine at Zap seems to indicate tec-
tonism as a causative factor. The fault is
a normal fault, striking N5°W and dipping
NE at an angle of 48°. Displacement is 15
feet (4.5 m) (fig. 3.3.2-2). The time of
the faulting was not determined; however,



Figure 3.3.2-2, Normal fault
Mine,

it seems unlikely that it occurred recently
as the result of slumping because of the
presence of slickensides on rock along the
fault plane (see Indian Head Mine Section,

app. A).
3.3.3 Processes

Several processes have been suggest-
ed that may have produced the structural
features superimposed on the regional
structure in the Knife River basin. Moran

et al. (1976) cite differential solution of

underlying Paleozoic or Mesozoic salt
beds; landsliding along major stream
valleys and glacial meltwater trenches;

original irregularities of the land surface
and differential
compaction of sediment types as possible

at time of deposition;

causes for the irregularities.

Benson (1952)
three episodes of deformation in western
North Dakota during early Tertiary time.
The first occurred during the Paleocene
epoch and consisted of local warping and
accompanied by minor
It is recorded by

gives evidence for

basin  settling
folding and {faulting.
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exposed in the NE¥NEY%sec 36, T144N, R89W in the highwall of the Indian Head

deformed strata overlain by flat-lying
beds totally within the Sentinel Butte
Formation and were observed by Benson
in exposures resulting from the construc-
tion of the Garrison Dam.

The
Eocene time and is recorded by the un-
conformity at the base of the White River
Differential uplift and tilting
away from the Black Hills dome was cited

second episode occurred in

Formation.

by Benson (1952) as the cause.
The third episode of
occurred after the Oligocene epoch, but

deformation

prior to the latter part of the Tertiary
period. Evidence seen in the Little Bad-
lands in Stark County and in the Chalky
Buttes in Slope County indicates that the
deformation consisted of the folding of all
Tertiary formations into small domes and
synclinal basins (Benson, 1952).

3.4 Geomorphology

3.4.1 General Statement

In a general way, the Beulah-Hazen
area can be subdivided into six discrete




geomorphic 3.4.1-1).
1. Areas of rolling hills with slopes

usually ranging from 1-15 percent; char-

areas (see fig.

acterized by till mantling and modifying
pre-existing topography; boulders locally
numerous; closed depressions rare; drain-
age integrated; includes loess-mantled
topography along the north-central and
northeastern part of the mapped area.
Bedrock may be exposed locally. Well
suited for tillage.

2. Areas of hummocky topography;
characterized by sharp, small hills com-
posed of till with slopes usually ranging
relief of 20-30 feet

(6-9 m); numerous closed depressions and

from 6-15 percent;

boulders;
ibility a factor; well suited for pastures
in places too steep or rocky for tillage.

3. Areas

suitable for tillage, but erod-

of eolian sand dunes or
sand-blanketed topography; characterized
by stabilized, grassed-over dunes with
local relief of 40-50 feet (12-15 m); blow-
outs active locally; suitable only for
pasture; may be suitable for tillage where
sand thinly wveneers till; poor water-
holding capability.

4. Diversion trenches; characterized
by steep walls and flat floors manifesting
fill;

underfit streams and local

post-glacial alluvial segments may
contain small,
poorly drained areas; gravelly terrace
remnants common; underlain by 300 feet
{90 m) or more of glacial and interglacial
fluvial and lacustrine sediment; well
suited to tillage where drainage is ade-
Includes the Golden Valley trench
and the Beulah trench with its Zap and
Hazen branches (see fig. 3.4.1-1).

5. Bottomlands of the Knife River and
Spring Creek, characterized by flood
plains having a relief of about 10-15 feet
(3-4.5 m), a width of 1-2 miles (1.6-3.2
km), and gradients of 4 feet per mile

(0.75 m per km) for the Knife River flood

quate.
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plain--10 feet per mile (1.9 m per km) for
the Spring Creek flood plain.
lakes,

Oxbow

meander scars, cutbanks, point-
bar deposits, natural levees, and terrace
remnants are common features; well suited
to tillage in most areas.

6. Areas of steep slopes underlain by
bedrock, mestly in highlands adjacent to
stream bottomlands and trenches;
include patches of glacial drift;

deeply dissected, with slopes from 15-50

may
usually
percent; includes local areas of barren
badland topography; resistant ridges and
caprock of scoria and sandstone widely
distributed;
common; generally best suited for pasture
except where slope wash deposits have

mass wasting phenomena

accumulated locally.

3.4.2 Landforms

Because the map prepared for this

study is largely self-explanatory and

includes the morphogénetic units in the

3)!
discussion of the landforms

Beulah-Hazen area (pl. no lengthy
is deemed
necessary. Carlson (1973) aptly discusses
as does Benson (1952), who
detailed discussion of the
geology of the entire Knife River basin,

including the Beulah-Hazen area.

this topic,
presents a

During the course of the current
study the existence of a previously unrec-
ognized deep trench, thought to be a
diversion trench of the Missouri River,
has been revealed. This trench trends
southeast from Renner Bay In a direct
line toward the town of Hazen (fig.
3.4.1-1). The Hazen branch of the Beulah
trench joins it approximately in the SE
corner of sec 36, T145N, R87W (about 3
(4.8 km) northwest of Hazen).
Antelope Creek flows through the south-
east part of the trench. Except for the
fact that this diversion wvalley is largely

miles
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Figure 3.4.1-1. Major geomorphic subdivisions-Beulah-Hazen area.




filled with glacial deposits, and is obvi-
ously older, it is almost identical to the
Beulah trench as to
depth, and directional trend. Two test
holes drilled by The North American Coal
Corporation in sec 30, TI146N, R87W
penetrated 300 feet (90 m) into the trench
its bottom. Other
holes drilled along its course show similar
results. The buried trench is outlined on
the map by dashed lines (fig. 3.4.1-1)
and is herein named the Renner trench.
Although not as striking as the other
diversion trenches in the area, its exis-
tence is manifested by a definite sag in
the topography along its entire course.

its dimensions,

without encountering

3.4.3 Geologic History

Only a brief summary of the geologic
history of the Beulah-Hazen area will be
included here. The pre-Paleocene history
can be subdivided into five major episodes
of marine transgression and regression.
During this time several thousand feet of
accumulated in the Williston
of which about 6 000 feet (1 800
m) is preserved in the study area.

sediment
basin,

All of the Paleocene age sediment was
deposited environment
except for the rocks of the Cannonball

in a continental

Formation, which originated under marine
conditions. Lignite beds, which are now
of so much interest throughout the Knife
River basin, had their beginning as
vegetation growing in swamps during this
epoch, probably not too far removed from
the retreating Cannonball Sea.

During the middle Tertiary period it
is probable that additional sediment accu-
mulated in the Beulah-Hazen area, but
subsequent erosion has removed all traces
of it. Only scattered remnants of the
Golden Valley Formation remain, overlying

the top of the Sentinel Butte Formation,
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which was also undergoing downwasting at
the close of the Tertiary.

Continental glaciers moved across the
Beulah-Hazen area during the Pleistocene
epoch, the
leaving behind material
buried the Tertiary formations.

landscape and
which partially
In the
11 000 or more years since glacier ice left
the area,
again modified the landscape. Deposition
of eroded material has occurred in lakes
and other depressions, in stream valleys,
and at the foot of steep slopes. Soil

accelerated

modifying

erosion and deposition have

erosion has been greatly
during the modern epoch in those areas
purposes. Wind

erosion was severe during the 1930s and

used for agricultural
is continuing at the present time on a
smaller scale (fig. 3.4.3-1).

Since the construction of Garrison
Dam, the shoreline of Lake Sakakawea has
been greatly changed. Wind-blown waves
have eroded projecting headlands produc-
ing cliffs. Longshore currents have been
sufficiently vigorous to build spits and
bars across re-entrant bays and otherwise
to smooth the shoreline.

3.5 Economic Geology
3.5.1 Lignite

The Beulah-Hazen area is located in
the heart of the lignite producing region
of North Dakota.
proposed lignite mines and related con-
suming facilities in western North Dakota,
compiled by Groenewold (1977), shows
that the Indian Head Mine, operated by
The North American Coal Corporation, is
the only active mine within the boundaries
of the study area at the present time.
Production from this open-pit mine was
listed as 1 065 021 short tons for the
fiscal year ending June 30, 1976.

A map of active and



Figure 3.4.3-1. Sand drifts resulting from present-day wind erosion of cultivated land. Photograph was taken in the
SEYSEY%sec 35, T144N, R87W on August 27, 1976, when wind velocities reached 40 miles per hour
with gusts up to 55 miles Fer hour. Sand drifts varied in depth from one inch to two feet (2.5 to 60

centimetres) on southeast-

Development of another large open-pit
lignite mine is being proposed by The
Coteau Properties Company (a subsidiary
of The North American Coal Corporation)
about 7 miles (11 km) north of Beulah.
Projected
mine is 14.0 million tons by 1984. Con-
struction of two power plants and a coal

annual production from this

gasification plant are also proposed near
the mine site.

Orphaned land, where
been mined in the past, can be seen
about 5 miles (8 km) northwest of Hazen
and along Highway 200 between the towns
of Beulah and Hazen (fig. 3.5.1-1). A
rather extensive area peppered with sub-
sidence craters can also be seen northeast
of Beulah and in other
collapse is occurring in abandoned under-
(fig. 3.5.1-2).
abandoned open-pit

locations where

ground lignite mines

Numerous, small
lignite mines are scattered throughout the

study area wherever lignite beds outcrop

acing slopes.

lignite has,
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along valley walls (pl.
lignite beds, all
Formation outcrop

4). Seven major
in the Sentinel Butte
in the Beulah-Hazen

area (pl. 4).
Several cross sections were con-
structed in the Beulah-Hazen area (see

6, 7, 8, 9, and 16). These sections
graphically show the depth to coal, thick-
ness of the beds, attitude of the beds,
lateral variations, lithology of overburden
materials, and much other information
which should be useful to anyone inter-
ested in the lignite deposits of the area.

All of the
lignite in the Beulah-Hazen area is from
the Beulah-Zap bed. It is conceivable that
in the future, with application of modern
technological concepts, more of the lignite

pls.

current production of

resources can be exploited. Current fig-
ures on the reserves in the study area
are not available at this time. New data
from test-hole  drilling
available, but it is not within the scope

extensive are



Figure 3.5.1-1. Spoil piles on orphaned land, NW%NE%sec 8, T144N, R87W.

Figure 3.5.1-2. Subsidence craters overlying collapsed underground lignite mine north of Beulah in the
SWsec 12, T144N, R88W.
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Figure 3.5.2.2-1. Quarrying gravel in glacial outwash deposits, NE¥sec 23, T145N, R89W.

of this study to make such calculations.

3.5.2 Other Resources

3.5.2.1 Scoria

Extensive areas of baked sand, silt,
and clay (scoria) occur along valley walls
outcropping lignite beds have
burned (see pls. 3 and 4). Most of these
zones of natural brick occur where the
Beulah-Zap bed has burned, such as

along the Beulah trench and in the dis-

where

sected highlands south and southwest of
Zap. Several scoria pits are located in
these burned areas (pl. 4). The scoria is
crushed and used principally as road
surfacing material, although it has also

found some use as decorative stone.

3.5.2.2 Sand and gravel

Surficial gravel deposits are scattered
throughout \the mapped area (see pl. 3).
Most of these materials were deposited by
glacial meltwater. They occur in terraces,
kames, eskers, outwash plains, and point
bars. Large commercial gravel operations
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in the study area are located in the Zap
branch of the Beulah trench in the
SWhsec 2, T144N, R88W, and also in the
NE%sec 23, T145N, R89W (fig. 3.5.2.2-1).

Sand occurs extensively in the study
area, particularly along Spring Creek and
the Knife River. Large deposits cover
about 20 square miles (51 sq. km) south-
east of Hazen (pl. 3) where wind has
reworked flood plain and terrace sedi-
ments.

3.5.2.3 Riprap and building stone
Resistant beds of sandstone in the

Butte Golden  Valley

Formations are a possible source of build-

Sentinel and
ing stone and riprap. Glacial boulders are
particularly abundant throughout the
Beulah-Hazen area and can also be used
for riprap.

3.5.2.4 Petroleum

Eight petroleum exploration tests have
been drilled in the study area. None of
these wells found commercial oil produc-
tion.




4 HYDROGEOLOGY AND
HYDROGEOCHEMISTRY

4.1 Study Methodology

4.1.1 Introduction

The purpose of this section is to
the
hydrogeological
information.
and
detail, thus enabling the reader to better

the data.
previously existing chemical data in the

methods used to obtain

and

describe
hydrogeochemical
The procedures, materials,
equipment used are discussed in

appraise Compilations of all

project area, as well as chemical and
inventory data generated by this project
are included in appendix C. With the
exception of those wells for which one ion
was determined by difference, standard
errors were calculated for all wells having
complete major ion analyses.

From the standpoint of the hydrogeol-
ogy and hydrogeochemistry of units
overlying the Hell Creek Formation, the
project was generally divided into three
These
drainage basin, which includes the Dunn

Indian Head,

areas. include the Knife River
and Beulah-Hazen
detailed study sites, the Center area in
and the Falkirk
(Underwood) area in McLean County (fig.
1.2.2.1-1). The latter areas are
outside the Knife River basin but add
significantly to a regional understanding

Center,

Oliver County,

two

of the hydrogeochemical systems operating
in that part of the state. The Center and
Falkirk areas also represent the two major
west-central North Dakota,
outside the Knife River basin, which are
experiencing

areas of
accelerated lignite-related
development. Due to its regional signifi-
cance, the discussion of the Fox Hills-Hell
Creek aquifer incorporates data from the
entire southwestern portion of the state
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of North Dakota.

4.1.2 Previous Work and Existing Data

Existing hydrogeological and hydro-
chemical data were obtained from wvarious

sources. These included published county

groundwater reports (Ackerman, 1977;
Armstrong, 1975; Croft, 1970, 1974;
Klausing, 1971, 1976; Randich, 1965,

1975; Trapp, 1971) as well as unpublished
UsSGS
computer

inventory data made available in
detailed
studies of various portions of the project
area were also utilized (Moran et al.,
1976, 1978; Woodward-Clyde, 1975). In
addition, well logs made by the K. 7J.
Thompson and Son well drilling company

tabulations. Several

in the western part of the project area
and well inventory data compiled by the
Works

utilized.

Progress  Administration  were

4.1.3 Well Inventory

An
Beulah-Hazen area was

inventory of farm wells in the
initiated in the
summer of 1976. Specific information was
obtained on nearly all wells in the area.
This
location, depth, use, drilling date, dril-

included, wherever possible, well
ling method, casing, diameter, length of
intake interval, pump type, and pumping
rate. The inventory was initiated in late
June of 1976 continued through
August of 1976. The inventory data was
incorporated with previous inventory data
for the Beulah-Hazen area (Croft, 1970)
and is included in appendix C-I.

and

4.1.4 Detailed Study Sites

Five study sites are discussed in

detail in later sections of this chapter.

These sites include the Dunn Center,



Indian Head, and Beulah-Hazen areas in
the Knife River basin and the Center and
Falkirk (Underwood) areas outside the
in Oliver and McLean
1.2.2.1-1).

All five detailed sites had been previously

Knife River basin
Counties, respectively (fig.

instrumented, to a dreater or lesser
observation

wells. With the exception of the Beulah-

extent, with groundwater
Hazen area, considerable detailed physical
hydrological data were available from
these sites. Figures 4.5.1-1 and 4.6.1-1,
and plate 29 show the locations of obser-
vation wells at the Center, Indian Head,
and Falkirk sites. The
each installation is indicated. The Beulah-

intake zone for

less well instrumented
than the other sites. Thus, the discus-
sion of that area (sec. 4.4) relies heavily

Hazen area was

upon data obtained through the well
inventory and sampling and analysis of
water from farm wells.

Water levels in observation wells at
the detailed sites were monitored on a
Water
monitored in selected North Dakota State

Water Commission wells outside the de-

biweekly basis. levels were also

tailed study areas. The water levels were
monitored using electrical contact tapes.
The
generally *0.25 feet (#0.075 m).

precision of the water levels is

4.1.5 Identification of Intake Zones

In order to achieve the level of detail
desired for the hydrogeological and geo-
chemical portion of this project, it was
necessary to determine the specific intake
zone of as many wells as possible. An
attempt was made to identify the intake
zone of all wells in existing county inven-
tories as well as those from the Beulah-
Hazen inventory and from the published
report by Woodward-Clyde (1975). Empha-
sis was placed on those wells already
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having a complete chemical analysis. Each
well was evaluated relative to the strati-
graphic framework as based upon the
3 and 6-16)

stratigraphic

various cross sections (pls.

and additional associated
data.

The intake zones, as defined in this
project, include major aquifer systems
such as the Fox Hills-Hell Creek, Ludlow-
Golden Valley, and
as highly detailed

subdivisions within the Bullion Creek and

Cannonball-Slope,
Coleharbor, as well
Sentinel Butte Formations.

It was not considered appropriate to
subdivide the Fox Hills-Hell Creek and
Coleharbor wells due to the lack of de-
tailed stratigraphic information. The very
number of wells in the Ludlow-
Cannonball-Slope and Golden Valley as

small

well as a lack of detailed stratigraphic
data precluded the subdivision of these
units.

The Bullion Creek and Sentinel Butte
Formations were subdivided on the basis
of the various lignite beds (sec. 2.3) and
associated intervals between the lignites.
In cases where a given lignite was split
by a nonlignite parting, a well screened
in the parting was considered to be in
the lignite bed. The name of the interval
between two lignites corresponds to the
name of the overlying lignite. Thus, for
example, the interval between the Beulah-
Zap bed and the underlying Spaer bed
was designated the Beulah-Zap interval.
This seems a logical approach as the
materials underlying a given lignite gen-
into the
the upper contact of a given

erally grade upward lignite,
whereas
lignite is typically very sharp and occa-
sionally unconformable with the overlying
materials.

This system resulted in two intervals,
one at the top of the Bullion Creek

Formation and another at the top of the




Sentinel Butte Formation, not having an
associated lignite. The interval at the top
of the Bullion Creek Formation (between
the Tavis Creek bed and the Sentinel
Butte contact) is generally very thin and
was not found to be an intake zone for
any wells. The interval at the top of the
Butte Formation (between the
Harnisch bed and the lower contact of the
Golden Valley Formation) is not present in
the eastern half of the project area. Wells
are occasionally screened in this interval

Sentinel

in the western part of the study area.
of this study, this
combined with the
underlying Harnisch bed which is typical~

For the purpose

interval has been
ly very thin in the western portion of the
project area.

Selected wells, for which the intake
zone could be identified, and not already
having chemical analyses, were sampled
and analyzed. These analyses, combined
with identifiable pre-existing
data are included in appendix C.

A series of maps

which display the distribution of wells in

chemical

were generated

each aquifer and the availability of chemi-
cal analyses. Plate 23 shows the location
of all the wells in southwestern North
Dakota which are screened in the Fox
Hills-Hell Creek aquifer. The map indi-
cates which of these wells have complete
These data, together
with several carbon-14 dates made avail-
able by the USGS, were the basis for the
detailed discussion of the Fox Hills-Hell
Creek aquifer included later in this
chapter. All chemical data from the Fox
Hills-Hell Creek are included in appendix
C-II.

Plate 24 shows the location of all wells
in the Knife which are
screened in the Coleharbor Formation.
These include observation wells and farm
wells. The map

chemical analyses.

River basin,

indicates those wells
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which have complete chemical analyses.
All chemical analyses from wells in the
Coleharbor Formation are included in
appendix C-III.

Plate 25 shows the location of all wells
in the Knife River basin,
detailed study sites and excluding Fox
Hills-Hell Creek and Coleharbor,
which the intake zone could be identified.
The majority of wells sampled for this
project were selected from those shown on
plate 25. Figure 4.6.1-1 shows the loca-
tion of observation wells at the Indian
Head detailed site.

Plate 26 shows the location of all wells
in the Knife River basin including the
Dunn Center and Indian Head sites, and
Hills-Hell Creek and
for which complete chemical
All chemical data

from these wells are included in appendix

exclusive of

for

excluding Fox
Coleharbor,

analyses are available.

C-IV. Maps of sampled farm and observa-
in the Center and
Falkirk discussions are included in sec-
tions 4.5 and 4.3. All chemical analyses
included in

tion wells utilized

from these sites are also
appendix C-IV.

4.1.6 Water Sampling

4.1.6.1 Piezometers

This section describes the procedures
and materials used during this project for
obtaining water samples from piezometers
and water wells. As many as six different
samples were collected from each well by
blowing, bailing, or pumping water from
the well.
only in the Falkirk Underwood area and
was used in that area only during 1976,
at which time it was abandoned as being

The blowing method was used

unsatisfactory.
The dissolved oxygen, temperature,
pH and electrial conductivity of the water

were measured at the collection site. Two



collected for analysis of
major ions (Ca+2, Mg+2, Na+, K+, hard-
ness, total alkalinity, SO4_2, cl, NO3',
F , and total dissolved solids) one of

which was placed in

samples were

storage. Samples
were also collected for trace metals (Fe,
Mn, Cu, Cd, Se, As, and Pb),
isotopes (180, 3H), and,
dissolved organic carbon.
the

the piezometer was pumped

two
from a few
selected wells,

Before taking sample from a
piezometer,
until at least three times the volume of
water sianding in the piezometer was
removed. Three methods of pumping were
used: blowing the water out of the well
(1976 Falkirk

only), bailing, and pumping with a cylin-

with an air compressor
der pump.

Pumping with an air compressor did
not flush the very fine sediment from the
piezometer, but rather caused the sedi-
ment to become suspended in the water.
This
very difficult and often resulted in as

suspended material made filtering
much as a day's delay in sample collection
to allow time for the suspended sediment
to settle. A bailer was then used to
collect the sample. Blowing also caused a
rise in pH hy driving off CO,. Because
of these this method

longer being used.

problems, is no

The cylinder pump allowed for a much
larger volume of water to be pumped
(approximately 0.25-4 gal/min) and re-
moved sediment

any which may have

entered through the well screen. How-

ever, a good deal of equipment was
required for this operation as was a fair
amount of set-up time (0.5-1 hr depend-
ing on the depth to which the pump was
set).

A bailer was used to sample those
piezometers which did not recharge fast
enough to permit pumping with either the

air compressor or the cylinder pump.
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4.1.6.2 Farm wells

Water wells were sampled by simply
having the owner of the well turn on the
pump or open the tap. It was usually not
practical to pump out three times the
volume of water in the well before taking
a sample because many of the wells had
large storage reservoirs. About 1 gallon

(3.785 L) of water was collected in a

plastic bottle and taken to the truck
where the field chemistry was recorded
and the individual samples prepared.
4.1.6.3 Field chemistry

4.1.6.3.1 Dissolved Oxygen.--A
Yellow Springs Instrument Company,

Model 54 dissolved oxygen meter and YSI
5739 dissolved oxygen probe were used to
measure the dissolved oxygen content of
the water both before and after pumping.
The dissolved oxygen meter was placed in
the
since any change in the position of the

desired position before calibration
meter would have necessitated readjust-
ment of the meter. With the switch in the
off position, the meter needle was set to
with the adjustment The
control dial was switched to red line and
the red line knob adjusted until the meter
needle aligned with the red mark at the

2ero screw.

31°C position. The control dial was then
switched to zero and the zero knob was
The
probe was attached to the meter and
allowed to

The dissolved
calibrated against air by
probe into the

with a few drops of water.

turned until the meter read =zero.

stabilize about 15 minutes.

oxygen probe was
inserting the
calibration bottle along
About ten
minutes needed for temperature
stabilization. This was done simultaneous-

ly while the probe was stabilizing. The

were

control switch was set to temperature and
the temperature was read on the meter

face. The altitude correction factor was




determined from tables in the instruction
manual. The correction factor was multi-
plied by the solubility of oxygen in water
at the temperature indicated by the meter
to get the corrected calibration value.
The dial switched to the
appropriate ppm range and the calibration
knob was adjusted until the meter read
the corrected calibration value. At least

two minutes were given to verify the

control was

calibration stability.

Once the meter had been calibrated
and stabilized, the probe was lowered into
the piezometer until the probe was well
into the water column. The probe was
slowly raised and lowered 1-2 feet (30-60
cm) to provide a stirring action. With the
selector set to the appropriate range, the
dissolved oxygen in ppm was read from
the meter after allowing sufficient time for
the probe to stabilize to the water's
temperature and dissolved oxygen con-
tent.

4.1.6.3.2
container was filled with a sample of
pH, and
conductivity. The temperature

Temperature.--A  plastic

water 1o measure temperature,
electrical
of the water was taken and the pH and
electrical conductivity meters were ad-
justed to the temperature of the sample.
This
field temperature.

temperature was recorded as the
The pH and electrical
conductivity were read as soon as possi-
ble because they are temperature depen-
dent and because as CO2 escapes from
solution, the pH rises.

4.1.6.3.3 pH.--The pH meter (Cole-
man Model 37A) was prepared by stan-
dardizing the meter to a 4.00 pH buffer
solution. This solution was prepared by
dissolving 10 Coleman 4.00 pH buffer
tablets in 500 ml of distilled water. The
function control was set to zero and the

zero adjust knob was turned until the
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The readout dial
electrodes were
and the
temperature control was set to the tem-
perature of the buffer The
function control was set to pH and the

indicated =zero.
was set to 4.00, the
placed in the buffer solution,

meler

solution.
standardized control was adjusted until
the meter read zero. The function control
was then returned to zero. The electrodes
were rinsed with distilled water and
placed in a beaker of distilled water. This
completed the standardizing procedure.

The pH electrodes were placed in the
sample, the temperature control set to the
temperature of the sample, and the func-
tion control set to pH. The readout
control was rotated until the meter read
The then

switched to zero and the meter was read-

2€ero. function control was

justed to zero using the =zero adjust
control. The function was returned to pH
and the meter was adjusted to zerc using
the readout control. The sample's pH was
then read on the readout dial. The func-

tion control was then returned to zero

and the electrodes were rinsed with
distilled water.
4.1.6.3.4 Electrical Conductivity.--

The electrical conductivity was measured
by a Beckman Instruments RB3 Solubridge
with a Beckman conductivity cell CEL-
VS2. The
knob was set to the temperature of the
sample.

meter's temperature control

The conductivity cell was im-
mersed in the sample to a depth at least
0.5 inch (1.27 cm) above the air vents
and moved rapidly up and down in the
water to remove any air bubbles trapped
under the electrode shield. While the ON
button was pressed, the upper dial was
rotated until the needle pointed to zero
on the meter. The electrical conductivity
in micromhos/cm was then read directly
from the scale which surrounds the upper



dial.

4.1.6.4 Sample preparation
4,1.6.4.1 Major Ions/Trace Metals.--
The samples for

major ions and trace
metals were filtered before being placed
in plastic bottles. A pressurized filtration
unit with nitrogen gas drive was used to
through MF-Millipore
filters composed of mixed esters of cellu-
lose (Ghering, 1976). The filtration unit
was first rinsed with water then filled
with the water to be filtered. Filters with
pore size 8.0 microns were used to re-

filter the samples

move the major portion of the sediment.
The sample was then filtered through 0.45
micron {filters and placed in plastic con-
tainers--two 1-quart (950-ml) and one
(475-mi)--which had been rinsed
with filtered water.

1-pint
In cases where the
3.0
micron “ilters were used in an intermedi-
ate filtering step.

The trace metals sample (1-pt. (475-
ml) bottle) was filtered before adding a
preservative (5 ml of concentrated HNO3)

sample had considerable sediment,

to prevent the release of trace metals
which would have resulted from reaction
of the acid with the suspended sediment.
No preservative was needed for the major
ion samples.

4.1.6.4.2 the
O sample was collected directly from the

Isotopes.--Water for

18

well in a 3.38-ounce (100-ml) glass serum
vial capped with a rubber stopper. The
vial was filled to the top to exclude air.
The .
from the well and placed in either 8-ounce
(236-ml) glass bottles or 4-ounce (118-ml)
The tritium sample was

F sample was also taken directly

plastic bottles.

also filled to the top to exclude air.
4.1.6.4.3 Dissolved Organic Carbon.--

Samples collected for analysis of dissolved

organic carbon were first filtered through
0.45 micron silver filters then placed in
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4-ounce (118-ml) fired glass (4 hrs at
175°C) bottles and capped with rubber
stoppers. The
wrapped in aluminum foil to avoid contact
between the

rubber stoppers were

stoppers and the sample.

The samples were labeled (sample
identifier, well depth, date, pH, tempera-
ture, electrical conductivity, type of

preservative if used, and whether or not
the sample was filtered), placed in styro-
foam coolers packed with ice, and shipped
via bus to the laboratory.

4.1.7 Hydraulic Conductivity Testing

Hydraulic conductivity tests were run
in the TFalkirk area. EXisting hydraulic
conductivity data was available for the
and Beulah-Hazen areas
et al., 1976; Woodward-Clyde,

The hydraulic conductivity of a

Dunn Center
(Moran
1975).
saturated porous medium in the immediate
vicinity of a piezometer screen can be
determined
tests. A
carried out by changing the equilibrium

from single-well response

single-well response test is
hydraulic head in a piezometer and then
monitoring the rate at which the head
returns to its original equilibrium posi-
tion. The hydraulic head can be changed
by pouring water into the piezometer,
monitoring the subsequent decline in head
(falling head test) or removing water from
the piezometer with a pump or bailer, in
which case the head rises back to its

original equilibrium level (rising head
test).
effected using slugs
that, when dropped into the water in a
piezometer,
known amount (falling head test). Once
the head has reattained
level the slug can be quickly removed

resulting in a decrease in hydraulic head

The change in head can also be
of known volume

will raise the water level a

its equilibrium

(rising head test).




When the hydraulic conductivity of
the porous medium is high the rate of
recovery is high. The slugs yield better
data in this case since the initial change
in head is more nearly instantaneous, the
magnitude of the change is known, and
the measurement of the response of a
rising head test can begin sooner since
there
from the piezometer. In materials with low
hydraulic conductivities
time periods
equilibrium water levels allow one to bail
the piezometer (rising head test) without
any loss of accuracy in the determination

is no need to remove the bailer
the very long

required to reestablish

of recovery rates.
The data presented
(sec.

in this report
slugs
designed to raise the water level in a
2-inch (5-cm) PVC pipe 3.3 feet (1.0 m)
and 1.7 feet (0.5 m). For those piezome-

4.6) were collected using

ters that were- installed in low hydraulic
conductivity materials, the head was
changed by bhailing water from the piezom-
eter. If there was less than 30 inches
(0.75 m) of water in the piezometer a
single-well response test was not con-
ducted. Several piezometers could not be
tested because the slugs could not be
lowered down the pipe due to constric-
tions or bends in the pipes. The proce-
dure for the single-well response tests
included the following steps:

1. The equilibrium hydraulic head and
the total depth of water in the piezometer
were measured with an Ott Type Series IL
100 electric water level tape.

2. The bottom of the slug was then
lowered to within several centimetres of
the water and the electric tape lowered to
the top of the slug.

3. The slug was then lowered quickly
into the water and the time the slug

contacted the water was noted.
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4. As the head fell the depth to
water was measured as frequently as pos-
sible and the depth and time of measure-
ment were recorded until the water level
had recovered to at least 70% of its equi-
librium level.

5. After equilibrium had been reestab-
lished and the electric tape removed the
slug was pulled out of the piezometer, by
hand, as fast as possible and the electric
tape was lowered to measure the rate at
which the water leve] rose.

When the
was conducted with a bailer the following
procedure was used:

1. Approximately five bailers' full of

single-well response test

water were removed from the piezometer,
lowering the water level 9-13 feet (3-4 m)
below the equilibrium water level.

2. The recovery was then monitored
for periods of several hours to several
days.

The data analyzed
using techniques developed by Hvorsiev
(1951).

collected were

4.2 Hydrogeology and Hydrochemistry
of the Dunn Center Area

The Dunn Center area, as shown in
figure 4.2-1 was studied by Moran et al.
(1976) who conducted field studies of the
geolagy, hydrogeology, and hydrochemis-
try during 1975 and 1976. These studies
were conducted to provide a basis for
environmental impact assessment for a
proposed strip mine and coal gasification
plant to be operated by the Natural Gas
Pipeline Company of America. In 1972,
1973, and 1974, the North Dakota State
Water Commission, in cooperation with the
Water Resources Division of the U.S.
Geological conducted a routine
regional groundwater resources study of

Survey,
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Figure 4.2-1. Location of the Dunn Center study area (from Moran et al., 1976).
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Dunn County. The data from this study
were published data
report by Klausing (1976).

in a compilation
These data
were made available to Moran et al. prior
to publication for use in the study of the
Dunn Center area. No significant hydro-
geological or hydrochemical studies were
conducted in Dunn County prior to the
work by Moran et al. (1976) and Klausing
(1976).

In late 1975 a study of a small portion
of the Dunn Center area, in which federal
coal reserves occur, was initiated by the
Bureau of Land Management in cooperation

with the Bureau of Reclamation and the

U.S. Geological Survey. This study
encompassed an area of approximately
four square miles (10 sq km) located

southeast of the town of Dunn Center.

This study continued into 1976 and was’

reported on in 1977 as EMRIA REPORT
NO. 9, "Resource and Potential Reclama-
tion Evaluation, Horse Nose Butte Study
Area--Dunn Center Lignite Field."

As part of the REAP study approxi-
mately 30 wells were sampled in the Dunn
Center area, including farm wells and
observation wells installed by
(1976).

data were obtained from the observation

existing
Moran et al. Routine water-level
well network. No new investigations were
otherwise conducted in the Dunn Center
area.

The following discussion of the hydro-
geology and the hydrochemistry of the
Dunn Center area is based almost exclu-
sively on the results reported by Moran
(1976). The Horse Butte
study contributed little new hydrogeologic
information and although we have taken
the report into consideration, the conclu-
sions arrived

et al. Nose

at by Moran et al. are
found to require little or no revision at

this time.
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4.2.1 Hydrostratigraphy and Hydraulic

Properties
The Dunn Center area, like most
other areas in southwestern North

Dakota, has geologic materials that are
typically aquifers and geologic materials
that are aquitards. The aquifers consist

of the lignite beds, which generally
decrease in permeability with depth,
channel sand deposits in the Sentinel

Butte Formation and deeper formations,
and sand and gravel zones in the Cole-
harbor Formation in locations where river
valleys existed during Quaternary time.
The aquitards in the bedrock are formed
of silt,
sand strata.

clay, and very silty or clayey
In the Coleharbor Formation
the aquitards are formed primarily of silty
clayey till.

The distribution of lignite and bed-
rock sand are shown in figure 4.2.1-1
from Moran et al. (1976). Since the water
table in the Dunn Center area is general-
ly in the range of 30-60 feet (10-20 m)
below ground surface, sand and lignite at
shallow depth is commonly not an aquifer
because of occurrence above the water
table. At shallow depth below the water
table lignite is generally moderately
permeable and offers a good probability of
yielding sufficient water for farm water
supply. At depth of more than 100-200
feet (30-60 m) below ground surface the
probability of obtaining yields suitable for
farm supplies is lower. The Dunn Center
(Beulah-Zap) bed is the main aquifer in
the area because it is a relatively thick
lignite and in much of the area occurs
under less than 200 feet (60 m) of over-
burden.

The of bedrock sand (fig.
4.2.1-1) are much less stratigraphically
continuous than the lignite aguifers.
Permeability of the bedrock sand is de-

z2ones
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TABLE 4.2.1-1. Comparison of values of hydraulic conductivity of lignite
(from Moran et al., 1976)

Single~Well

Well Response Test
NDSWC 4794-e 2.16 X 1073
-4
NDSWC 4794-f 9.90 X 10
. 4
NDSWC 4794-g 7.21 X 10
_3b
NDSWC 4794 (e,f,g) 1.32 X 10
_2b
NDSWC 4794 (a,b,d) 1.65 X 10
_4P
UND 75-2-4 7.2 X 10
UND 75-17-2-3 1.29 X 1073

K (Pump Test)?
K (Single-Well

®Ratio of hydraulic conductivity determined by pump test to the hydraulic conductivity

determined by pumping test.

bValue estimated from regression analysis of relationship between hydraulic conductivity

and depth.

pendent on the content of clay and silt,
which is quite variable.

The hydraulic conductivity of lignite
aquifers

was evaluated using pumping

tests, single-well and

The hydraulic conductivity

response tests,
packer tests.
of aquifers was evaluated using
pump tests, single-well response tests,

permeameter tests, and packer tests. The

sand

hydraulic conductivity of confining beds
was evaluated using single-well response
tests,
This section is a discussion of the

tests, permeameter and packer
tests.
hydraulic conductivity of each of these
major groups of materials as determined
by each of the above methods. It focuses
both on differences in the values deter-
mined by each technique and on varia-
tions in the hydraulic conductivity of the
materials.

The hydraulic conductivity of lignite
aquifers was determined by 78 single-well

response tests and 3 pump tests. The

Pump Test Response) Packer Test
=2
2.65 X 10 12.27
-2
2.64 X 10 26.67
-2
2.54 X 10 35.23
-2
2.61 X 10 19.77
6.08 X 107" 41.19
-4
2.52 X 10 0.35
3.14 X 1073
single-well response-test values ranged
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2 0 1.4 X 10°° cm/s: the

1

from 1.8 X 10°
pump-test values ranged from 6.2 X 10°
to 2.5 X 10'_4 cm/s; and a single packer-
test value was 3.14 X 1073

Table 4.2.1-1 shows the comparison of
of hydraulic

cm/s.

values conductivity for
lignite determined by single-well response
test and pump testing. Some of the values
were determined on the same well by both
methods. Others are estimated using the
relationship between hydraulic conductivi-
ty and depth that is discussed below.
From these data, it is evident that in five
or six cases the pump-test value is from
1-1.5 orders of magnitude greater than
the single-well response-test value. Since
long-term pumping
considered

tests are generally
to give accurate values of
hydraulic conductivity, and because the
values of hydraulic conductivity deter-
mined by single-well response tests are

probably minimal for reasons discussed by



Moran, 1976,
draulic conductivity used in calculations
corrected to corresponding
by multiplying by

et al., the values of hy-

have been
pump-test values
1.2 X 10,

On the basis of data both from the
pump
testing, there appears to be an inverse
relationship between depth and hydraulic

testing and single-well response

conductivity. Although only three pump-
they strongly
suggest that the log of the hydraulic
conductivity of lignite decreases by 2.47
per 100 feet (30 m) of depth. This is a
decrease in

test values are available,

hydraulic conductivity of
nearly 2.5 orders of magnitude every 100
feet (30 m). The coefficient of determina-
tion, r2, which expresses the degree to
which a set of observations fits the
calculated regression line, has a value of
0.996. This coefficient varies from 0 for
no fit to 1.0 for a perfect fit. Although
the line that
describes the relation is steeper and the
fit of the 78 data points not nearly so
tight (r2=0.263), the data for the single-
well recovery tests also strongly suggest

slope of the regression

a depth control on hydraulic conductivity.
The log of the hydraulic conductivity
decreases by 0.37 per 100 feet (30 m).
This is a decrease of one order of magni-
tude every 300 feet (90 m) of depth.

These conclusions are consistent with
the fact that permeability in lignite is
fracture These
relationships result from an increase in
the number and size of joints and bedding
partings in the lignite as the thickness of

entirely permeability.

cover over the lignite decreases. Further
analyses are needed to determine whether
the permeability is controlled by depth of
burial, thickness of cover removed by
erosion, thickness of glacial or
some other factor that has affected the

loading history of the region during the

cover,
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geologic past.

The hydraulic conductivity of sand
beds in the Sentinel Butte and Bullion
Creek Formations was estimated with 24
single-well response tests, 1 pump test,
The hydraulic
conductivity of sand beds ranges from
about 2 X 107 to 5X 10° cm/s with
most values falling
about 2 X 107 to 2 X 107 cm/s. There
seems to be a decrease in hydraulic
conductivity with depth, although this
trend is weaker than for the
aquifers.
the E-interval is above the mean of the
single-well response-test values for sand
in the same interval. The permeameter-

and 3 permeameter tests.

in the range from

lignite
The one pump-test value from

test values are all low.

The hydraulic conductivity of silt and
clay beds in the Sentinel Butte and
Bullion Creek Formations was assessed by
four single-well response tests and ten
permeameter tests. The values ranged
from 1078 to 1078 cm/s, with most values
lying between 5 X 1077 and 1078 cmys.
Two of the
values are in the range 5 X 1077 1o 107®
At least one of these welis, UND

75-55-1, has not yet reached static level,

single-well response-tests

cm/s.

so the drawdown figures used to calculate
the hydraulic conductivity are too small.
As a result, the actual hydraulic conduc-
tivity is smaller than the presently calcu-
lated value.

Porosity is defined as the ratio of the
volume of the voids to the total sample
volume. There are in general two types of

effective porosities that can occur in
geologic  materials: (1) intergranular
porosity, and (2) fracture porosity.

Intergranular porosity is a measure of the
volume of the voids that occur between
the grains that comprise sediments such
as gravel, sand, silt, or clay. Fracture
porosity is a measure of the voids that




occur because of fractures, joints, bed-
or solution channels. The
"effective"” porosity refers to the
that voids that are

effective in transmitting fluids. In other

ding planes,
term
porosity involves
words, it includes only the voids that are
interconnected as part of the permeability
network. Effective intergranular porosities
for gravel, sand, silt, or clay sediments
that are nonindurated are normally in the
0.2-0.4. Effective
porosities of fractured or jointed rock are

range of fracture
normally in the range of 107%-107°.

Data on the effective porosities of
deposits in the Dunn Center area were
obtained from laboratory tests on relative-
ly undisturbed core samples and from
pumping tests in the field. The laboratory
data for samples of sand, silt, and clay
are reported by Moran et al. (1976, app.
C-X).
porosity of 0.24,

Except for one sample with a
the wvalues are within
the narrow range of 0.30-0.43 and are
probably representative of the non-lignite
beds in the Sentinel Butte Formation.

In terms of hydraulic properties, the
porosity of interest for the lignite beds is
since it is this
the
storage of drainable groundwater from
these beds.
beds in the Dunn Center area is assumed
to be about the

the fracture porosity,
porosity that relates to effective
The porosity of the lignite

same as the storage

coefficient, from 107%-5 X 1072,
The sediments of the Coleharbor
Formation constitute important aquifers

The
areas of thin deposits of pebble loam that
cap uplands are generally aquitards. The
low hydraulic conductivity of the sediment
prevents

and aquitards in the project area.

rapid movement of water. In
addition, these areas are generally high
enough in the landscape that they are in
the unsaturated and
water even where hydraulic conductivity

zone contain no
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is higher.

The filling the
constitute both aquitards and aquifers.
Sand and gravel, which generally consti-
tute less than half the thickness of the
silt, clay, and

sediments valleys

valley fill, are aquifers.
pebble loam are aquitards.

In most of the area, the distribution
of thick deposits of Coleharbor Formation
is clearly limited by conspicuous surface
valleys. However, in an area immediately
southeast of Dunn Center, in secs 3 and
4, TI144N, R94W, sec 31, TI145N, R93w,
and sec 36, T145N, R94w, the location of

the deep valley poses a problem. We
traced a narrow, deep valley from the
southeast, through secs 12, 1, and 2,

T144N, R94W but lost it in section 3. The
deep valley continues north or west by
three possible routes. One meanders
north out of section 3 into section 31; the
straight
northwest from section 3 into section 36
and then on toward Dunn Center; the

third trends southwestward from section 3

second trends more or less

into section 4. The first route is a nar-
row meandering valley with dissected
margins that is currently occupied by the
ephemeral stream that drains the large
flat area in secs 1, 2, 11, and 12, T144N,
R94W. The second and third possible
routes are low sags in the topography
that are floored by sand. No drainage
presently occupies these sags. The test
indicated the
location of the extension of the valley was
precluded by problems of access to the

drilling that would have

appropriate locations. For several reasons
we believe that the valley extends north-
ward into section 31

through the narrow dissected valley. The

from section 3
meander geometry of the valley is consis-
tent with the pattern of this outlet and
its extension across the valley of Spring
Creek. On the other hand, the north-



western route is very straight; the south-
westward route through section 4 is not
ruled out on this basis. The steep gradi-
ent of the potentiometric surface in the
Coleharbor Formation through the possible
southwestern route suggests that only
in the
sag, which is inconsistent with the nature

fine-grained material is present
of the wvalley fill. The northern route is
also favored by the buried wvalley that
enters the Spring Creek valley immedi-
which can
northward

ately east of Dunn Center,
best he the
extension of the same valley.

The fill within the buried valleys is
complex. The basal unit in the wvalley fill

continued as

is sand and gravel. A layer of clayey

pebble loam overlies this, and in some

places, is overlain by lacustrine clay.
One or more layers or lenses of sand and
gravel occur within the pebble loam. In
many places, the pebble loam extends to
in others, the pebble

loam is overlain by another unit of sand

the land surface;
or sand and gravel. This upper unit of
permeable material is generally discontinu-
ous. In some places, it is overlain by silt
and clay that probably consists of lake

sediment and sediment of alluvial fans

washed into the wvalley from adjacent
slopes.
The hydraulic conductivity of the

sand and gravel unit at the base of the
valley fill was determined at nine wells
using the single-well response-test meth-
od. The values ranged from 2.30 X 1974
cm/s to 2.95 X 1072 cm/s with a mean
value of 6.59 X 10°° cm/s. These values
are considered representative only of the
finer grained portions of the permeable
valley fill and are believed to be too low
for much of the material for three rea-
sons:

(1) In
recovery was

several wells, water level

so rapid that either no
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drawdown was possible during pumping,
or recovery was complete before measure-
ment was possible (approximately 15-30
seconds following cessation of pumping).
In either case, the hydraulic conductivity
at these wells is much greater than any
values measured.

(2) The
conductivity that can be measured using

upper limit of hydraulic
the well installation procedure that was
employed this about
5.5 X 1072 cm/s because of the size of
the sand pack used. The procedure was
designed for the lignite and fine-sand
aquifers of the Sentinel Butte Formation

for project is

rather than for the more permeable valley-
fill sediments.

(3) Long-term pumping
valley-fill deposits in Mercer County, east

tests in
of the project area, indicate hydraulic
conductivity values of 3.0 X 1070 em/s
(Croft, 1973, p. 57 and 61). There is no
reason to believe that these values are
not representative of the more permeable
portions of the wvalley-fill deposits in the
project area.

Hydraulic conductivity of the upper
unit of the wvalley {ill
determined at eight sites using the single-
well response-test method.
2.37 X 1073
cm/ s with a mean value of

permeable was
The values

from cm/s to

2
3

ranged
2.67 X 10°
6.54 X 10°
in the previous paragraph, these

cm/s. For the reasons out-
lined
values are believed to represent minimum
values for the unit.

Hydraulic conductivity of confining
beds in the wvalley fill was determined at
two sites in pebble loam and
four sites in silt, using the single-well
response-test method. The values ranged
from 7.49 X 107° cm/s to 7.60 X 107
cm/s for the pebble loam and from
2.28 X 1074 cm/s to 5.03 X 1074 cm/s for

the silt.

six sites,



4.2.2 Hydrologic Information from
Isotope Data

Moran et al. (1976) reported analyses
of farm well and observation well samples
for the environmental isotopes, tritium
(3H), oxygen-18 (180), carbon-14 (14C)
and carbon-13 (13C). The following is a
synopsis of

the hydrologic information

that Moran et al. derived from these
data.

Forty-nine farm wells and nine obser-
vation wells were analyzed for 3H. Empha-
sis was placed on the farm wells to avoid
the possible influence by contamination of
drill water.

conducted

The tritium analyses were
in the Environmental Isotope
Laboratory of the Department of Earth
Sciences, University of Waterloo. Direct
scintillation counting of unenriched sam-
ples was used. The lower limit of detec-
tion by method is approximately 10 TU (a
TU represents tritium unit which is one
3H atom in 1018 1H atoms).

Of the 49 sample analyses, 9 had
concentrations greater than 30 and less
than 250 TU, 5 had concentrations be-
tween 10 and 30 TU and the rest had no
detectable tritium.

that samples with detectable tritium are

1t can be concluded

modern water or are a mixture of modern
In this context the term
"modern" refers to water that entered the

or older water.

groundwater zone since 1953 because it
was in 1953 that rain and snow in the
Northern Hemisphere acquired a signifi-
cant tritium concentration as a result of
testing in the
3H,
but at levels that are below the detection

limit mentioned above.

thermonuclear weapons

atmosphere. Pre-1953 water contains
During the past
5-7 years, 3H concentrations in precipita-
tion in the Plains Region have been in the
range of approximately 50-200 TU with a
slight general decrease during this peri-
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od. In the 1960s,
dreds to several thousand TU were com-
In the 1950s (after 1953) values on
the order of hundreds of TU were typi-
cal.

values of many hun-
mon .

This water would now be much lower
in tritium content as a result of more
than two half-lives of radioactive decay.

The results of the 18O analyses of
samples from observation wells and se-
lected inventory wells are given by Moran
et al. (1976, app. C-XI). The 180 values
are in the range of -18.9 to -9.2 per
mille. Of the total
samples analyzed, 184 are lighter than -14
per mille (i.e., more negative), with the
samples having
-13.9. On the
occur in the
groundwater-flow system, it is highly
likely that the samples in the -9.2 to
-13.9 range, which will be referred to as

of 210 groundwater

26  heavier
-9.2 and
they

remaining
values between

basis of where

the heavy group, represent groundwater
that was recharged from surface-water
sources that underwent significant evapo-
ration or mixtures of groundwater and
evaporitic surface water.

When water evaporates from surface
water bodies isotopic fractionation occurs,
causing the water to become enriched in
18O (i.e., heavier, less negative). In the
hydrologic setting of the Dunn Center
180 values heavier than about -12

area,
per mille have undoubtedly undergone
relatively strong evaporation, whereas

values between about -13 and -14 repre-
sent weaker evaporitic effects or mixing
of evaporitic and non-evaporitic water.
The evaporitic water obtained from UND
wells may be water from lakes, sloughs,
ditches, or streams that has entered the

groundwater  regime through natural
seepage, or it may have entered the
system as circulation or wash water

during drilling or well installation activi-
ties. One of the purposes of the isotopic



studies is to identify wells that require
additional
used

cleaning before they can be
to provide samples for base-line
The
farm wells

water quality monitoring points.
from the

indicates surface water seepage, except in

evaporitic water
the rare case where faulty well construc-
tion could cause seepage of surface water
down along the well casing into the well
intake zone.

Appraisal of the 18, data and consid-
eration of the well depths and the hydro-
geologic setting of the wells leads to the
conclusion that several wells were contam-
inated with surface water used during the
drilling and well installation operations.
These wells had 180 values between -11.6
and -9.3. A few wells were moderately or
These wells have
180 values between -13.9 and -13.4 per

weakly contaminated.
mille. The conclusion that these wells are
contaminated with drilling or wash water
is based on the fact that almost all drill
and from

sloughs, streams, or lakes that had been

wash water was obtained
exposed to evaporation processes during
several weeks or months prior to drilling
use. An example of the effect of contin-
ued well cleaning on a well contaminated
with drill or wash water was provided by

which was sampled after an
18,

one well
initial cleaning stage and yielded an
-10.1 per mille and then was
sampled after additional
yielded a value of -16.3, which is in the

range of normal groundwater in the area.

value of

cleaning and

It was concluded that there are very few
wells in the study area that have not
been cleaned sufficiently to adequately
remove all, or nearly all, of the drill and
wash water.

Four samples that had 180 values
heavier than -12.6 were not attributed to
contamination. These samples were from

very shallow wells that were cleaned
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thoroughly before sampling. Because the
wells were shallow and because they are
located very near permanent or ephemeral
in bodies
downward components of hydraulic gradi-
ent,

surface water in areas with
it is reasonable to conclude that the
natural seepage from the evaporitic sur-
face water regimes into the groundwater-
flow system is the cause of the heavy 180
The following

which are significantly, but not strongly,

concentrations. samples,

heavier than the normal groundwater, are

also near surface-water sources and

therefore probably result from natural

surface-water seepage: well 32-4, -13.5,
beside Spring Creek; 49-3, -13.3, near a
surface stream; and 46-1, -13.4, near

Lake Tlo.
from Lake Ilo is a significant contributor

The conclusion that seepage

to the groundwater zone near the lake is
supported by 18O data from farm wells.
Moran et al. (1976) conducted 14C

and 13C

analyses of 14 groundwater
samples from the Dunn Center area; two
of the samples were obtained from the Fox
Hills

section 4.8.1,

Formation and are discussed in
three were from the Cole-
harbor Formation, and the remainder were
The

C content of the Coleharbor samples

ix;lom the Sentinel Butte Formation.
ranged from 13-24 percent modern. One
of the samples from the Sentinel Butte
Formation was from a well 20 feet (6 m)
deep that contained very young water as
indicated by a tritium content of 192 TU.
This sample had a 14C content of 119
which is a normal 14C
value for young water. The modern e
standard is carbon that has a 14C content
conditions

percent modern,

representative of prior to
atmospheric thermonuclear weapons test-
ing. The other eight samples from the
Sentinel Butte Formation were from wells
at depths between 38 and 300 feet (11

and 90 m) deep. The 14C content of two



of these samples obtained from depths of
90 and 100 feet (27 and 30 m), were 45
percent modern; the rest of the samples
were in the range of 6-13 percent mod-
ern.
The
the 14C

declines

half-life of 14C is 5 730 years. If

content of carbon in groundwater
only as a result of radiocactive
decay, it is evident that four half-lives
(22 800 yrs) would be required to achieve
a 14C content of 6.25 percent modern and
three half-lives (17 100 yrs) would cause
decline of the 14¢ content to 12.5 percent
modern.

As described how-

geochemical effects can cause the

in section 4.8.1,
ever,
apparent age (decay age) of a sample
C content to be older than the
actual age. A preliminary interpretation of
the 14C data from the Dunn Center area
is described by Moran et al. (1976), who
indicated that interpretation of 14C data
from lignite-rich deposits is at present

based on

Even with the various
the 14C
content of seven of the eight samples

quite problematic.
uncertainties in mind, however,
from the Sentinel Butte Formation (depths
from 38 to 300 feet (11 to 90 m)) provides
a basis for concluding that much of the
water in the Sentinel Butte Formation,
even at depths that are not large, is
many thousands
knowledge the e data for groundwater
in the Sentinel Butte Formation in the
Dunn Center area are still the only 14C
data available for this information. Before

of years old. To our

more specific information on groundwater
age in the Sentinel Butte Formation can
be derived from 14C studies, more de-
tailed investigations will be necessary.
4.2.3 Major Ion Chemistry

of the Groundwater

The chemical analyses of water sam-
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ples in the Dunn Center area are grouped
by water type and stratigraphic unit in
table 4.2.3-1. The stratigraphic designa-
tions are those used by Moran et al.
(1976) within the
Present terminology is indicated in paren-
theses. When the mean values of the
ratios, EPM (Na+K)/EPM total cation vs.
EPM (HCO3)/EPM total anion are plotted
for each water type in table 4.2.3-1, 11
groups of analyses evident (fig.
4.2.3-1). The values of these ratios are
referred to as the relative Na and relative
HCO3 content of the water in the follow-
ing discussions.

Dunn Center area.

are

Five groups, I-V, consisting of 76
analyses from the Coleharbor Formation,
A-interval and lignite, Dunn Center bed
and Dunn Center interval, E-interval and
lignite, F-interval, G-interval, H-lignite,
I-interval, and J-lignite form a set with a
mean relative Na-HCO3 composition of
0.39-0.44. This from
(NaCa)HCO3 type water of group I,
through Na(SO4HCO3) type
group IV, to CaSO4 type water of group
V. The unifying characteristics of this
set are low salinity and low pH. The mean
conductivity is 1 294 mhos/cm and the
mean pH is 7.4. the pH
with increasing bicarbonate

content and to a lesser extent with in-

set  ranges

water of

In general,
increases

creasing sodium content. The conductivity
tends to increase with increasing sodium
content.

Group I consists of three analyses of
(CaNa)HCO3 type water with a mean
relative Na-HCO; content of 0.50-0.82.
One from the B-lignite has a
specific conductance of 4 531 gmhos/cm
and a pH of 6.8. The other two samples,
from the Dunn Center interval and Dunn
Center bed, have a mean conductivity of
456 pmhos/cm and pH of 7.6.

The analyses in group I are scattered

sample
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TABLE 4.2.3-1.--Summary of chemical analyses of groundwater in the Dunn Center area

Stratigraphic Water
Unit Type
Coleharbor NaHCO3SO4
NaCaHC03SOA
CaNaSO4
CaHgHCO3SO4
CaHCO3
NaSO4
B-lignite NaSOA
(Twin Buttes
bed) N3804HC03
NaCaHCO3
A-interval MgCaNaHC03504
(Twin Buttes
interval)
NaMgSOA
NaSOAHCO3
A-lignite CaNaSOAHCO3
(Schoolhouse
bed)
NaSOA

Number
Analysis of
_Group Samples Statistic
IX 39 x
S
III 7 X
S
VI 5 X
8
11 5 X
S
v 2 X
VII 2 X
VII 2 X
VIII 1
I 1
II 7 x
S
VII 2 X
VIII 1
\ 6 X
S
VII 5 X

Ca
wg/L
62
36

141
58

296
143

115
54

72

267

149
42

43

42
20

318

43

127
56

126
66

Mg Na K HCO
mg/L  mg/L wmg/L mg/L
25 469 7.9 748
15 228 4.1 187
41 239 7.4 420
16 68 2.7 150
111 320 15 544
43 166 6.4 126
49 47 6.3 430
30 27 2.7 179
18 11 2.8 282
276 1530 40 974
161 952 34 771
28 842 14 987
16 63 1.5 415
22 31 14 179
16 23 20 123
373 846 18 313

3. 852 16 1054
40 106 6.8 221
23 18 1.2 38
52 1144 20 682
37 464 7.8 369

Specific
Cl SOA Conductance TDS
ng/L  mg/L HPmhos/cm mg/L
4.7 577 2116 1292
3.8 389 830 S46
2.5 454 1436 681
2.4 179 307 ==
5.0 1464 2529 1280
5.6 649 785 =
4.3 260 985 790
3.9 43 502 396
6.2 192 519 ==
19 4691 8407 -~
0.0 2895 5288 ~-
10 1000 3474 --
22 38 4531 ==
4.1 96 676 -~
3.4 84 503 -
59 3445 5577 -
2.0 992 3563 -~
10 494 1008 --
11 162 198 o=
14 2350 4876 --
16 998 2112 e

~

~
.
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TABLE 4.2.3-1.--Summary of chemical analyses of groundwater in the Dunn Center area--Continued

Stratigraphic Water
Unit Type
A-lignite-~ CaHgHCO3
cont,
NaHC03504
NaHCO3
Dunn Center Na]-[003504
interval
(Schoolhouse
interval) NaCaMgHC03504
NaCaHgHCO3
Dunn Center NaCaHC03504
bed (Beulah-
Zap bed)
NaHC03SOA
CaMgSOA
NaHCO3
NaSOA
NaCaHCO3
NaMgSO4
E-interval NaSOaHCO3

(Beulah-Zap
interval)

Number Specific
Analysis of Ca Mg Na K HCO3 CoO Cl SOA Conductance TDS
Group Samples Statistic mg/L wg/L mg/L mg/L mg/L mg/L mg/L mg/L pmhos/cm mg/L
I1 2 X 86 38 23 3.1 329 0.0 1.0 149 739 559
IX 2 X 38 12 325 11 456 0.0 11 315 1416 --
XI 2 X 8.4 0.8 581 6.0 1478 2.6 8.6 105 2002 --
IX 3 X 29 11 610 14 708 1.6 7.1 825 2415 --
s 17 14 103 3.4 9. 0.0 9.5 182 351 -
II 2 X 67 40 89 9.4 318 0.0 19 174 1029 -~
I 1 24 16 52 2.4 249 0.0 0.0 44 470 256
111 19 X 91 36 155 8.1 357 0.7 4.6 408 1533 1243
s 45 15 127 3.8 88 0.0 4.1 303 1623 748
IX 8 X 46 21 454 15 781 2.0 6.3 458 2011 1545
s 22 13 131 9.4 184 2.8 6.3 117 452 --
\ 7 X 233 72 80 6.2 293 0.0 29 732 1613 1742
s 112 34 35 1.3 132 0.0 18 350 462 191
XI 5 X 6.2 4.7 504 17 934 34 5.4 255 1884 575
s 5.1 4.1 185 16 343 49 2.1 223 655 --
VIII 1 31 8.7 900 12 1018 3.6 18 1640 3641 --
I 1 26 16 53 2.3 249 0.0 1.6 46 L42 274
VII 1 283 484 1820 14 728 0.0 239 5210 10000 1990
IX 6 X 26 5.1 650 12 930 5.2 7.0 722 2540 1555
s 18 3.0 84 3.5 164 5.1 2.6 254 386 671

7.

o ™

o
w

o e
[SS =

[= 2N )
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TABLE 4.2.3-1.--Summary of chemical analyses of groundwater in the Dunn Center area--Continued

Number Specific
Stratigraphic Water Analysis of Ca Mg Na K HCO3 CO3 Ccl SO4 Conductance TDS
Unit Type Group Samples Statistic mg/L mg/L mwg/L mg/L mg/L wg/L mg/L mg/L Hmhos/cm mg/L pH
E-interval-- NaSO, VII 2 X 57 121 2008 25 916 0.0 5.5 3665 7185 -- 8.0
cont. .
NaHC03SOA 11 1 97 41 246 8.5 444 1.2 0.0 248 1122 -- 8.3
E-lignite NaHCO3SO4 IX 20 X 25 11 630 11 865 5.1 7.8 718 2455 -- 8.2
(Spaer bed) s 15 14 206 6.0 244 8.0 9.6 567 817 -- 0.4
NaCaHCOSSOA I1I 5 X 173 38 240 7.4 626 0.0 34 444 1540 1653 7.4
s 68 12 93 1.6 162 0.0 24 143 491 -- 0.4
F-interval NaHC03SO4 X 7 X 15 3.8 692 16 1011 23 8.8 547 2531 -- 8.6
(Spaer s 5.9 3.4 171 15 149 49 5.0 278 560 -- 0.4
interval) }
NaSOAHCO3 1V 2 X 77 38 479 9.8 662 0.0 18 855 2040 == 7.5
NaMgSO4 VII 1 415 228 591 12 760 0.0 47 2640 5220 4880 7.9
F-lignite NaHC03SOA X 20 X 16 5.0 582 5.4 971 8.8 5.2 479 2257 1315 8.3
(Jim Creek 8 16 4.4 139 4.1 262 9.7 6.2 282 320 120 0.3
bed) =
Naso, VII 2 X 175 141 945 26 462 0.0 125 2449 4154 -- 7.4
NaMgso, VII 1 319 326 789 21 749 0.0 309 2250 5820 - 7.4
G-lignite & NaHCO3 XIL 5 X 13 2.7 709 5.9 1025 6.6 5.6 262 2065 2385 8.4
interval s 8.2 3.4 239 1.0 260 9.1 2.2 59 196 -- 0.2
(Jim Creek -
interval) NaSO4HC03 Iv 2 X 60 38 312 12 480 0.0 17 555 1616 -- 7.3
NaCaMgSO, VI 2 X 176 48 234 12 278 0.0 7.0 974 2039 -~ 6.6
NaSO4HCO3 X 1 8.0 2.9 662 5.0 582 0.0 3.5 874 1722 -- 8.1
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TABLE 4.2.3-1.--Summary of chemical analyses of groundwater in the Dunn Center area--Continued

(=2} N W w W [

=N

Number Specific
Stratigraphic Water Analysis of Ca Mg Na K HCO3 CO3 Cl SOQ Conductance TDS
Unit Type Group Samples Statistic mg/L wmg/L wmg/L mg/L mg/L mg/L mg/L. mg/L pmhos/cm mg/L pH
H-interval NaH003804 VIIL 3 X 43 21 749 8.2 1109 2.0 4.3 868 3128 -- 8.
(Jim Creek s 37 17 145 5.0 280 0.0 1.5 238 540 -- 0.
interval)
H-lignite NaHCO3 X1 15 X 15 3.6 641 8.7 1367 2.8 18 189 2272 -- 8.
(Antelope s 9.6 4.2 111 5.0 258 7.9 14 90 289 -- 0.
Creek bed) -
NaH603504 IX 9 X 19 6.1 716 10 1034 13 9.3 792 2955 -- B.
s 12 3.0 93 4.8 188 5.1 7.4 395 499 -~ 0.
CaMgSOA \Y 1 244 102 137 7.9 271 0.0 15 1040 2000 1670 6.
I-interval NaHC03SOA X 5 X 24 8.6 719 9.5 1217 5.5 10 562 2868 -- 8.
(Antelope s 14 7.1 76 5.8 323 0.0 6.8 316 282 - 0.
Creek
interval) NaCaSOl’HCO3 VI 1 207 58 388 24 586 0.0 3.0 1098 2384 we e
J-lignite NaHC03 XI 2 X 21 1.2 800 13 2072 18 36 221 2923 -- 8.
(Hagel bed)
NaMgS0, Vi 1 115 161 478 53 488 0.0 9.5 1575 2974 -- 8.
NaHC03$04 IX 1 87 15 550 13 1027 0.0 13 704 2435 -- 8.
NaSOaHCO3 111 1 143 56 410 20 759 0.0 20 720 2220 -- 8.
N-interval NaHCO3 XI 5 X 12 3.7 743 13 1632 25 33 55 2720 1990 8.
& lignite 8 8.1 2.9 111 5.4 523 25 25 66 393 -- 0.
(Harmon
interval &

Hanson bed)
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Figure 4.2,3-1, Plot of mean values of the ratios Na*K/Ca+Mg to CO3+HCO%ISO4€I of groundwater in the Dunn

Center area grouped by water type and by stratigraphic unit.

numerals. (From Moran et al., 1976.)

in the northern and central part of the
project area. These samples reflect water
that has been recharged almost entirely
through sand, so very little dissolved
mineral matter has entered the water. A
further requirement may be recharge
directly into the aquifer without passing
through a soil zone. There are too few
samples in the group to permit any mean-
ingful generalizations about the origin or
significance of this type of water.

Group II consists of 17 samples of
Ca(HCOssO4) type water, with a mean

relative NaHCO3 composition of 0.27-0.58,

e
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he analysis group is shown by Roman

the Coleharbor Forma-
A-interval, A-lignite, Dunn Center
and E-interval (fig. 4.2.3-1).
The relative sodium content of the group

from five units,
tion,
interval,

ranged from a mean of 23 for two samples
from the A-lignite to 246 for a single
The relative
bicarbonate content varied from a mean of

sample from the E-interval.

329 for two samples from the A-lignite
and five samples from the Coleharhor
Formation to a mean of 0.63 for two
samples from the A-lignite. The electrical
conductivity of samples in group II was
842 pumhos/cm and pH was 7.6. There is



a slight tendency toward an increase in
and pH with
sodium content.

conductivity increasing
This increase in sodium,
conductivity, and pH is roughly related
to stratigraphic position. The sample with
the highest conductivity, pH, and sodium
the E-

lowest

content is in the lowest unit,
The samples with the

conductivity, pH, and sodium content are

interval.

in the A-interval and A-lignite, respec-
tively.

Except for two samples from sandy
valley fills south of Dunn Center and
along Spring Creek, all samples of this
relatively fresh Ca-HCO3, 804 type water
were collected in the northern part of the
area high
They reflect recharge through calcareous

in the stratigraphic section.

glacial sediment of the Coleharbor Forma-
tion and sandy sediment
part of the

Group III consists of 34 samples, with
a mean relative Na-HC‘,O3 composition of

in the upper

Sentinel Butte Formation.

0.49-9.47, from four wunits, the Cole-
harbor Formation, Dunn Center bed,
E-lignite, and 7J-lignite. The relative

sodium content varies from a mean of 0.47
for seven samples from the E-lignite to
0.61 for a single sample from the J-
lignite. The relative bicarbonate content
varies from a mean of 0.42 for seven
samples from the Coleharbor Formation to
a mean of 0.50 for seven samples from the
E-lignite. The mean electrical conductivity
and pH of this Ca, Na-SO4, HCO3 type
1535 pmhos/cm and 7.5,
respectively. As in group II, there is a
slight tendency toward an increase in pH

water are

and conductivity with an increase in
sodium.
Analyses in this group are concen-

trated in two areas, in the north-central
part of the area and in the central part
of the area along the partly buried melt-
water channel beneath the proposed plant
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site. The analyses in the northern part of
the project area are generally from wells
situated along the small stream valley that
flows southeastward to join Spring Creek.
They are thus lower in the landscape
than the wells in group II which are
generally located on the higher divide
areas east and west of this drainage. Like
the analyses in group II, these analyses
are from wells high in the stratigraphic
section. The higher sodium and sulfate
content of analyses in group III is be-
lieved to reflect recharge through the
floor of valleys eroded below the upland
level. In these valleys the thin veneer of

been
24

calcareous glacial sediment has

removed, so a continued supply of Ca
As
below, gypsum is concentrated by surface

water in depressional areas producing a

ions is not present. is discussed

source for sulfate ions.

Group IV consists of two analyses
each from the F- and G-intervals. The
mean relative Na—]—ICO3 composition is
0.72-0.38 making the water a Na—SO4,
HCO3 type. The conductivity ranges from
1 616-2 039 with a of 1 828
u mhos/cm. The pH is 7.4.

mean

There are too few analyses in this
group to permitrany meaningful general-
izations about their distribution or origin.

Group V consists of 18 analyses of
Ca—SO4 type water from four stratigraphic
units, Coleharbor Formation, A-lignite,
Dunn Center bed, and H-lignite. The
mean relative Na—I—ICO3 composition of the
group is 0.22-0.21, but individual values
range from a mean of 0.10-0.16 for two
samples from the Coleharbor Formation to
a mean of 0.33-0.21 for six samples from
the A-lignite. The mean electrical conduc-
tivity and pH are 1 211 and 7.1, respec-
tively. samples from the Dunn
Center bed and one from the H-lignite
had pH values of 6.7 and 6.6, respec-

Nine



tively.

The distribution of analyses in group
V is very similar to that in group III.
Most of the analyses are from the center
of the northern part of the area along the
small stream valley that flows southeast-
ward into Spring Creek. A small group of
samples occurs in the central part of the
area along the buried valley west of the
proposed plant site. In general, samples
from group V are from a higher strati-
graphic position than those in group III
On the basis of these
observations, the analyses from group V

in the same area.

appear to represent water with the same
origin and history as those in group III.
Those in group V are shallower and have
been recharged more recently than those
in group III. They reflect a build-up of
gypsum

Set II contains nine samples in group

in the wvalley floors over time.

VI. They consist of Ca, Na—SO4 type
water from the Coleharbor Formation,
G-interval, I-interval, and J-lignite.

They are characterized by a mean relative
Na—I—iCO3 composition of 0.42-0.31, mean
electrical conductivity of 2 453 p mhos/cm,
and a mean pH of 7.5. They fofin a group
of medium conductivity, low to medium pH
waters. These samples have been sepa-
rated from those in group V because of
their mean conductivity, which is greater
than 2 000 u mhos/cm.

The higher
samples in group VI relative to group V

sodium content of the

may reflect the absence of excess calcium
ions because of the absence of calcareous
glacial sediment in the southern part of
the area, where these samples are concen-
trated. It is more likely, however, that it
reflects greater cation exchange during
recharge through the silty and clayey
sediment that is more abundant in the
Sentinel Butte Formation in the southern

part of the area.
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Set IIf
from a single group, group VII. These
analyses are from the Coleharbor Forma-

is composed of 15 analyses

tion, C-lignite, B-lignite, A-interval and

lignite, E-interval, and F-interval and

lignite. These analyses are characterized
by high salinity, mean electrical conduc-
tivity of 6 100 p mhos/cm, and a medium
pH of 7.7.

composition of CaSO

The group ranges from a
g0 @ relative Na—HCO3
content of 0.19-0.02, for one sample from
the C-lignite to NaSQ,, a mean relative
Na-HCO3 content of 0.87-0.16, for two
samples from the E-interval.
relative Na-HC03 content of the group is
0.62-0.14, a Na, Ca-SO4 type water.

Most of the analyses in this group are
from the central part of the project area.
A few are located near Lake Ilo, along
Spring Creek and its tributaries, and
near Marshall Slough. Nearly all these
samples are from shallow wells situated in

The mean

areas where leakage of evaporitic surface
The
the projected
and Marshall Slough are in
185 and T data indicate that
surface water

water into the aquifer is possible.
analyses near Lake Ilo,
plant site,
areas where
evaporitic is penetrating
into aquifers (Moran et al., 1976, secs.
8.3.9, 8.3.10, and 8.6). A number of
analyses are from the A-lignite near its
outcrop south and southeast of the pro-
posed plant site. It is not known whether
these

salinity near a

analyses reflect an increase in
groundwater discharge
area or recharge of saline surface water
for areas of temporary ponding in side-
slope positions.

Set IV consists of a smail group of
in group VIII from the

Dunn Center bed,

six analyses
B-lignite,
and H-interval. These samples are charac-
terized by high salinity, mean electrical

of 3 344 p mhos/cm,
of 8.2.

A-interval,

conductivity and

high pH The mean relative



Na—HCO3 composition of this group of
Na-SO4, HCO3 type water samples is
0.91-0.45. This group differs from group
VIl by having a lower salinity, higher
pH, and sodium and bicarbonate content.

These a distribution
similar to that of group VII and probably

samples have
also represent recharge of slightly evapo-
rated surface water.

The largest set of analyses make up
set V, which consists of 154 analyses in
three groups (fig. 4.2.3-1). The set is

characterized by medium salinity, mean
electrical conductivity of 2 315
p mhos/cm, and a high pH of 8.2. The

mean relative Na-l—ICO3 composition of the
set is 0.90-0.60. Composition of waters in
the set ranges from Na—HCO3, SO4, a
mean relative Na-HCO3 composition of
0.86-0.50 from group IX, to Na-HCOa,
mean relative Na-HCO3 composition of
0.96-0.83 for group XI. The pH generally
the bicarbonate

a

tends to increase as
content increases.
Group IX consists of 88 analyses from

the Coleharbor Formation, A-interval and

lignite, Dunn Center bed and interval,
E-interval and lignite, H-lignite and
J-lignite. The mean relative Na-l—ICO3

content of the Na—HCOa, SO4 type water
set is 0.86-0.50. The
electrical conductivity has a mean value of
2 296 pmhos/cm and the mean pH is 8.1.

Samples

making up this

in this group are spread
throughout the project area. Many sam-
ples are concentrated along the Spring
Creek valley, the buried meltwater chan-
nels southeast of Lake Ilo, southeast of
the proposed plant and around
Marshall Slough, and along the tributary
to Spring Creek that flows southeastward
from the north-central part of the project
area. The distribution of these samples in

site,

group IX is very similar to that of sam-
ples in group III. Group IX differs from
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group III in having a higher sodium
content and greater salinity and pH. The
waters in group IX are believed to have
the same origin as those
differing only in that they were re-
charged through silty and clayey sediment
permitting greater ion exchange of Na'

for Ca2+

in group III

. Other samples occur in settings
in the southern part of the area analo-
gous 1o those in group II in the northern
part of the area. These samples in group
IX reflect recharge through upland sites
underlain by silt and clay in the upper
part of the Sentinel Butte Formation.

Group X consists of 32 analyses of
Na-HCO3, SO4 type water from the F-
interval and lignite and the I-interval.
The mean relative Na—I—ICO3 content of
these analyses is 0.95-0.61. The mean
electrical conductivity is 2 412 p mhos/cm
and the mean pH is 8.4.

The analyses in group X are concen-
trated along buried meltwater channels
beneath and southeast of the proposed
plant site and southeast of Lake Ilo and
along Spring Creek between Dunn Center
and Werner in the area where wells in the
at the surface. These
analyses are believed to reflect water that

F-lignite flow
has encountered sufficient silt and clay
for nearly all the Ca2+ ions to have been
replaced by ion exchange with Na' ions.
The concentration of analyses of group X
along meltwater trenches reflects recharge
through the low lying areas where sulfate
is concentrated by surface water. The
significance of the sulfate in the flowing
wells is not known.

Group XI consists of 34 analyses of
Na-HCO3 type water, which had a mean
relative Na-HCO3 composition of 0.96-
0.83, from the A-lignite, Dunn Center
bed, G-interval, H-lignite, J-lignite, and
H-interval and lignite. The mean conduc-
tivity was 2 274 pmhos/cm and the mean



PH was 8.5.

These analyses are distributed, more
or less uniformly throughout the project
area. in this
group in the northern part of the area

The absence of analyses

reflects the absence of wells in the deep-
er part of the flow system. These analy-
ses generally that
recharged beneath upland areas where

reflect water was
sulfate concentrations were not especially
great. The water has passed through
sufficient silt and clay for nearly all the
2+
Ca
by Na' ions.

lons to be replaced by ion exchange

4.2.4 Groundwater-Flow Systems

In the
Center area described by Moran et al.
(1976),
(piezometers) was installed in the Sentinel
Butte
extent in the Tongue River Formation and

investigation of the Dunn

a network of observation wells

Formation and to a much lesser
in the valley deposits of the Coleharbor
were in-
Each of
these sites has stratigraphic information

Formation. Observation wells

stalled at 68 sites in the area.

and one or more observation wells. Seven
of the sites are at locations where the
single standpipe-type wells were installed
North Dakota Water
Commission as part of the county ground-

previously by the

water resources investigation in 1972-74.
Of the 68 sites at which observation wells
were installed by Moran et al. (1976), 26
are referred to as major hydrologic moni-
toring sites. These sites have between
three
different depths below ground surface. Of
the remaining sites 29 have two or three
wells and 13 have only a single well.

A description of the groundwater-flow
systems in the
provided by Moran et al. (1976) based on
an integrated interpretation of the strati-

and seven observation wells at

Dunn Center area is
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graphy, isotope data, chemical data, and
water-level data obtained from the obser-
vation well network during the summer
and fall of 1975 and early part of 1976.
Since this interpretation was made, addi-
tional water-level data have been acquired
on a regular basis. The more recent data
have provided no reason to make any
the
system descriptions presented by Moran
et al. in 1976. The following overview of
the flow-system conditions has therefore

significant modifications to flow-

been adapted directly from Moran et al.
(1976).

The Dunn Center area occupies a
broad upland between two regional val-
leys, the valley of the Missouri River in
which exists the man-made impoundment
known as Lake Sakakawea and the valley
of the Knife River (fig. 4.2-1). Most of
the Dunn Center area is at an elevation
between 2 100 and 2 350 feet (636 and 712
m) above MSL. Lake Sakakawea located
north of the study area has a mean water
surface elevation of approximately 1 850
feet (565 m). The Knife River in the area
south of the Dunn Center area has eleva-
the range of 2 100-2 200 feet
The occurrence of these

tions in
(636-670
regional

m).
topographic lowlands cutting
through the stratified sediment of the
Sentinel Butte Formation, in which the
layered aquifers (sand and lignite) and
aquitards (clay, silt, and very clayey or
silty sand) have hydraulic conductivity
contrasts of 2-6 orders of magnitude, has

produced a regional condition of down-

ward flow in the aquitards and lateral
flow in the aquifers.
At nearly all multi-well monitoring

sites in the Dunn Center area the hy-
draulic head decreases with depth. This
condition, in general, extends through
the Sentinel Butte Formation and also in

the Cannonball Formation. Calculations of



indicate that it
takes decades to hundreds of years for

groundwater-flow rates

groundwater to flow from local recharge
areas to local discharge areas such as
Spring Creek, which traverses the area
from west to east in a minor valley, and
thousands of years for groundwater to
from downward

move recharge

aquifers and aquitards

areas
through several

and laterally to the regional discharge
areas along wvalley walls near Lake
Sakakawea and the Knife River. These

conclusions are supported by the tritium,
oxygen-18, and carbon-14 data referred
to above.

Three significant surface water bodies
occur in the Dunn Center area: Lake Ilo,
Marshall Slough, and Spring Creek (fig.
4.2-1). Lake Ilo appears to be located in
a groundwater recharge area. The pres-
ence of tritiated water and enriched 18O
values, indicative of evaporative source
conditions, in wells near Lake Ilo as much
as 100 feet (30 m) deep suggests the
intrusion of .lake-derived water deep into
The lake
overlies a gravel valley fill, which is
believed to be the path by which the
water moves
1976).

Very limited chemical data is available
on Marshall Slough,
part of the area. The hydraulic head data
suggest that here too water flows from

the groundwater-flow system.

downward (Moran et al.,

in the southeastern

the slough and recharges the groundwater
reservoir.

the
flow of Spring Creek appears to be large-
ly supplied by groundwater discharge
from the Dunn Center bed and the E-
lignite.

During non-snowmelt periods,

Tributaries of Spring Creek are
fed by springs and seeps that occur at
the outcrop of lignite beds ranging from
the C-lignite to the E-lignite. On the
basis of sample calculations, as much as
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0.25 of the total discharge in Spring
Creek at Halliday from mid-July to Octo-
ber 1975, can be accounted for by direct
seepage into the creek and one of its
tributaries from the Dunn Center bed and
E-lignite and

A-lignite, respectively.

rainfall events occurred

during this period, it is evident that this

Since several
estimate is quite good. A groundwater re-
charge of 0.5 in/yr over the entire area
of the Dunn Center bed that feeds Spring
Creek is adequate to produce this flow.
Given the climate of the Dunn Center

area, this value is also believed to be a
reasonable estimate of the actual re-
charge.

Other minor surface water regimes are
generally groundwater
where

discharge areas
in side-hill
positions or groundwater recharge areas

lignite beds outcrop
in upland or valley sites.

4.3 Hydrogeology and Hydrogeochemistry
of the Falkirk Area

4.3.1 Hydrostratigraphy

The shallow hydrostratigraphic units
in the bedrock within the Falkirk area
consist of thin sand and lignite aquifers
separated by silt and clay aquitards. In
the Quaternary deposits, sand and gravel
aquifers of glaciofluvial origin are sur-
rounded by pebble loam (till). The major
hydrostratigraphic units in the Falkirk
site are: the pebble loam which  covers
most of the study area; the glaciofluvial
sands and gravel; the Underwood sand;
the main Hagel bed; the B bed (lower
split of the Hagel bed); the sheet sand:
and the Hensler bed (pls. 27 and 28).
Figure 4.3.1-1 shows the locations of the
Other, less significant,
hydrostratigraphic units are present but
lack sufficient be

cross sections.

instrumentation to



discussed on an individual basis. Plate 29
shows the locations of all observation well
nests and identified farm wells in the
Falkirk Table 4.3.1-1 all
piezometers and identified farm wells in
the Falkirk area and indicates the intake
zone for each.

The bulk of the hydrostratigraphic
units can be described in terms of five
hydrologic units. The Coleharbor
Oahe Formations are made up of two
units: low permeability pebble loam (till)
and highly
glaciofluvial
deposits. The Sentinel Butte and Bullion
Creek Formations can be divided

area. lists

and

and silt and clay alluvium,
permeable sand and gravel

into
three hydrologic units: lignite beds, silt
and clay and carbonaceous clay beds, and
the sand beds. The distribution of the
hydrologic units is shown in plates 27 and
28.

4.3.1.1 Oahe and Coleharbor Formations
4.3.1.1.1 Aquitards.--Most of the
study area is covered by pebble loam to
thicknesses of up to 150 feet (46 m). As
of November 1977,
tests could be carried out

single-well response
in 4 of 14
piezometers finished in the pebble loam.
The average hydraulic conductivity deter-
mined from these tests was 1.8 X 1072
cm/s. The individual values are given in
table 4.3.1.1.1-1. Six other piezometers
had not yet reached an equilibrium water
level from the time they were installed in
August 1977, indicating that the hydraulic
conductivity of the material around the
piezometer tip is probably on the order of
1077107 cmys.
Alluvial deposits,
and clay, are also present and make up a
limited portion of the surficial materials in
the Falkirk area. No hydraulic conductiv-
ity determinations were made in this
material. The conductivity of silt and clay

consisting of silt
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is generally between 10721072 cm/s.

4.3.1.1.2 Aquifers.--Aquifers in the

Coleharbor Formation consist of glacioflu-
vial sands and gravels confined to buried
channels south and east of the city of
4.3.1.1.2-1). The fill
within these valleys is very complex,
consisting of interbedded sands, gravels,
and some silt, clay, and pebble loam. The
sand and gravel beds can be well sorted

Underwood (fig.

to poorly sorted. Occasionally the aqui-
fers will contain significant quantities of
silt and clay.

Data collected by Klausing (1974)
from six pump tests conducted in the
central portion of McLean County indicate
that the hydraulic conductivity of the
Coleharbor aquifers ranges from
5.5 X 1071 cm/s to 3.5 X 1072 cm/s with
an average conductivity of 1.1 X 107!
cm/s. Single-well response tests, listed in
table 4.3.1.1.1-1, were conducted on four
piezometers finished in sands and gravels
in the study area. The average hydraulic
conductivity from
3.1 X 19~2 cm/s.

these tests is

4.3.1.2 Bedrock hydrostratigraphic units

4.3.1.2.1 Aquitards.--The aquitards
within the Butte and Bullion
Creek Formations consist of clayey silt,

Sentinel

silty clay, and carbonaceous clay. These
beds divide the bedrock into numerous,
thin sand and lignite aquifers (pls. 27
and 28).
tests were accomplished only in the aqui-
tards of the Kinneman Creek interval
above the Hagel bed. The mean hydraulic
conductivity, determined from four tests,
is 5.9x10°° cm/s with a range of
36X10% cm/s to 2.6 X107 cm/s.

4.3.1.2.2 Sand aquifers.--A great
deal of study area is underlain by large

Successful single-well response

thicknesses of sandy material which is

divided into thin aquifers. Three of the



TABLE 4.3.1-1. Intake zone of piezometers and farm wells and availability
of chemical analyses-~Falkirk area

CHEMICAL DEPTH
PIEZOMETER ANALYSIS LOCATION ft/m STRATIGRAPHIC UNIT
1-1 146-82-32 DDD 86.9/ 26.5 Coleharbor Formation
1-2 146-82~32 DDD 66.3/ 20.2 Coleharbor Formation
2-1 * 146-82-34 CBC 52.2/ 15.9 Coleharbor Formation
2-2 * 146-82-34 CBC 43.0/ 13.1 Coleharbor Formation
3-1 * 145-82-04 CDC 41.3/ 12.6 Tavis Creek bed
3-2 * 145-82-04 CDC 13.8/ 4.2 Coleharbor Formation
Hagel interval
4-1 * 145-82-03 DCC B6.6/ 26.4 (below C bed)
4-2 145-82-03 DCC 12.1/ 3.7 Coleharbor Formation
5-1 x 146-82-22 DDD 71.5/ 21.8 Hagel bed
6-1 146-83-24 DDD 127.0/ 38.7 Hagel bed
6-2 * 146-83-24 DDD 130.9/ 39.9 Hagel bed
6-3 146-83-24 DDD 51.8/ 15.8 Coleharbor Formation
6-4 146-83-24 DDD 34.1/ 10.4 Coleharbor Formation
6-5 146-83-24 DDD 24.3/ 7.4 Coleharbor Formation
Kinneman Creek interval
7-1 146-82-30 CBB 71.5/ 21.8 (Underwood sand)
7-2 146-82-30 CBB 55.8/ 17.0 Coleharbor Formation
7-3 146-82-30 CBB 24.0/ 7.3 Coleharbor Formation
8-1 = 146-82-21 CCC 59.1/ 18.0 Underwood sand
8-2 w 146-82-21 CCC 37.7/ 11.5 Underwood sand
8-3 * 146-82-21 CCC 19.4/ 5.9 Underwood sand
9-1 * 146-82-16 CCB 61.0/ 18.6 Kinneman Creek interval
9-2 146-82-16 CCB 39.4/ 12.0 Kinneman Creek interval
9-3 146-82-16 CCB 20.0/ 6.1 Coleharbor Formation
Hagel bed
10-1 146-82-07 CCC 156.2/ 47.6 (B bed)
10-2 146-82-07 CCC 51.8/ 15.8 Coleharbor Formation
10-3 146-82-07 CCC 34.4/ 10.5 Coleharbor Formation
Hagel bed
36-1 145-82-04 DDD 41.3/ 12.6 (B bed)
36-2 145-82-04 DDD 25.9/ 7.9 Hagel interval
Hagel bed
37-1 * 145-82-04 DAA 34.4/ 10.5 (B bed)
38-1 145-82-04 AAA 28.9/ 8.8 Hagel bed
38=-2 145-82-04 AAA 15.4/ 4.7 Underwood sand
39-1 * 146-82-34 BCC 51.2/ 15.6 Hagel bed
40-1 * 146~82-27 CCC 79.1/ 24.1 Hagel bed
40-2 146-82-27 CCC 38.1/ 11.6 Underwood sand
40-3 146-82-27 CCC 19.4/ 5.9 Kinneman Creek interval
41-1 * 146-82-27 BBC 56.4/ 17.2 Hagel bed
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TABLE 4.3.1-1. Intake zone of piezometers and farm wells and availability
of chemical analyses--Falkirk area--Continued

CHEMICAL
PIEZOMETER  ANALYSIS LOCATION
42-1 * 146-82-22 CCD
43-1 * 146-82-21 ADD
45-1 * 146-82-15 CCC
73-1 * 146-82-34 CDD
74-1 * 146-82-34 CDD
75-1 146-82-26 BCC
76-1 146-82-22 DDD
76-2 146-82-22 DDD
76-3 146-82-22 DDD
77-1 * 166-82-22 ADD
78-1 * 146-82-27 DCC
79-1 * 146-82-28 CDD
80-1 ® 146-82-20 CDD
80-2 146-82-20 CDD
80-3 146-82-20 CDD
81-1 * 146-82-20 CBB
82-1 * 146-82-20 CCC
82-2 146-82-20 CCC
82-3 146-82-20 CCC
83-1 * 146-83-24 BBB
84-1 * 146-83-24 CCC
85-1 * 146-83-36 BCC
86-1 * 146-82-30 CCC
87-1 # 146-82-31 CCC
88-1 * 146-82-30 DAA
88-2 146-82-30 DAA
88-3 146-82-30 DAA
88-4 146-82-30 DAA
89-1 # 146-82-31 AAA
90-1 * 146-82-31 DAA
90-2 146-82-31 DAA
91-1 146-82-32 CCC
91-2 146-82-32 CCC
91-3 146-82-32 CCC
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DEPTH

ft/m

95

112.

104.

69

24,

88
69

39.
19.

71

67.
68.

157

41.
20.

109
118

62.

39

138.

135

62.

101.

57.
69.
48.
30.

21

57.

56.
24.

97

18.
43.

.1/
9/

3/
.2/

3/

37
.9/
0/
7/
.5/
6/
2/

.2/
7/
3/
<9/
.8/
7/
.0/
1/
.2/
0o/

0/

1/
6/
6/
8/
i
1/

4/
3/
4/
0/
3/

29.0
34.4

31.8
21.1

26.
21.
11.

21.
20.
20.

[« ))
o O O ©O W W W

47.
12

33.
36.
19.
11.
42.
41.
18.

W N = W = N U N N0

o]

30.

17.
21.
14.

S o N B

17.

17.2

29.7
5.5
13.2

STRATIGRAPHIC UNIT

Hagel bed
Hagel bed

Hagel bed
(B bed)

Sheet sand

Hagel bed
(B bed)

Hagel bed
(B bed)

Hagel bed

Underwood sand
Coleharbor Formation
Hagel bed

Hagel bed

Hagel bed

Hagel bed
(B bed)

Underwood sand
Coleharbor Formation
Hagel bed

Hagel bed

Underwood sand
Coleharbor Formation
Hagel bed

Hagel bed

Hagel bed

Hagel bed
(B bed)

Hagel bed
(B bed)

Hagel bed

Underwood sand
Coleharbor Formation
Coleharbor Formation
Hagel bed

Hagel bed
(B bed)

Coleharbor Formation
Hagel bed
Coleharbor Formation

Coleharbor Formation



TABLE 4.3.1-1. Intake 2one of piezometers and farm wells and availability
of chemical analyses--Falkirk area--Continued

CHEMICAL
PIEZOMETER ANALYSIS LOCATION
92-1 *® 145-82-06 DAA
92-2 145-82-06 DAA
93-1 146-82-32 DCC
94-1 145-82-05 ADD
101-1 x 145-82-08 ADD
101-2 * 145-82-08 ADD
101-3 * 145-82~08 ADD
102-1 * 145-82-05 DAA
102-2 * 145-82-05 DAA
102-3 * 145-82-05 DAA
102-4 145-82-05 DAA
103-1 146-82-32 CDC
103-2 146-82-32 CDC
103-3 146-82-32 CDC
103-4 146-82-32 CDC
103-5 146-82-32 CDC
104-1 * 146-82-32 DDD
104-2 146-82-32 DDD
104-3 146-82-32 DDD
104-4 146-82-32 DDD
105-1 * 146-82-28 CCC
105-2 *® 146-82-28 CCC
105-3 146-82-28 CCC
105-4 146-82-28 CCC
105-5 146-82-28 CCC
105-6 * 146-82-28 CCC
106-1 146-82-20 DDD
106-2 146-82-20 DDD
106-3 * 146-82-20 DDD
106-4 * 146-82-20 DDD
106-6 * 146~82-21 CCC
107-1 * 145-82-04 AAA
107-2 * 145-82-04 AAA
107-3 b 145-82-04 AAA
108-1 * 146-82-32 ADD
108-2 * 146-82-32 ADD
109-1 * 146-82-29 DAA
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DEPTH

ft/m

60.

20
97

52.

357

249.
48.
273.
177.
88.

29
203

118.
83.
44.

21

109.
64.

39

19

269

120.
39.

235

67

389.
179.
132.

73

83.
238.
147.

69.

99.

59.

121

0/
-3/
.2/

2/

7/
9/
9/
8/
6/
.5/
4/
8/
3/
0/
.0/
6/
6/
-0/
4/
.0/
1/
0/
.2/
3/
.6/

5/
2/
2
1/
2/
6/
2/
7/
7/

L4/

18.

6.2
29.6

15.
.0/108.
76.
14.
83.
54.
27.

9.
62.
36.
25..
13.

6.
33.
19.
11.

5.
82.
36.
11.

2.

7.
20.
1/118.
54.
40.
22,
25.
72.
45.
21.
30.
18.

37.

N B~ O N U WW SN DN N RO N DD 0N RN O 0D N U0 - D

STRATIGRAPHIC UNIT

Hagel bed
(B bed)

Kinneman Creek interval
Hagel bed

Hagel bed
(B bed)

Cannonball Formation
Coleharbor Formation
Coleharbor Formation
Hensler sand

Tavis Creek interval
B bed interval

Hagel bed

Coal Lake Coulee bed
Sheet sand

Underwood sand
Kinneman Creek interval
Kinneman Creek interval
Sheet sand

Hagel bed

Underwood sand
Underwood sand
Hensler sand

Sheet sand

Underwood sand
Underwood sand
Underwood sand

Hagel bed

Hensler sand

C bed interval

B bed interval
Underwood sand

Hagel bed

Hensler sand

Tavis Creek bed
Sheet sand

Sheet sand

Hagel bed

Hagel bed
(B bed)



TABLE 4.3.1-1. Intake 2one of piezometers and farm wells and availability
of chemical analyses--Falkirk area--Continued

CHEMICAL
PIEZOMETER ANALYSIS LOCATION
109-2 * 146-82-29 DAA
109-3 * 146-82-29 DAA
110-1 * 146-82-20 DAD
110-2 * 146-82-20 DAD
111-1 * 146-82-33 DCC
111-2 * 146-82-33 DCC
111-3 146-82-33 DCC
111-4 146-82-33 DCC
111-5 146-82-33 DCC
112-1 145-82-05 DBB
112-2 * 145-82-05 DBB
113-1 145-82-05 DBA
113-2 * 145-82-05 DBA
114-1 * 145-82-05 DAB
514 146-82-33 DCC
526 146-83-25 CCC
527 146-82-30 CCC
531 146~82-28 CCC
537 146-82-26 DDD
538 146-82-36 BAA
540A 146-81-30 CDC
540B 146-81-30 CDD
542 146-82-30 BCC
546 146-82-26 BCC
548 146-83-23 CCC
551 146-83-24 DDD
553 146-82-20 CDD
554 146-82-20 DDD
556 146-82-22 DDD
567 146-83-24 AAA
569 146-82-16 DDD
570 146-82-14 CCC
575 146-83-12 CCC
578 146-82-16 BBB
585 146-82-08 BBB
589A 146-82-12 BBB
589B 146-82-12 BBB
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DEPTH
ft/m

60.

87

58.

99.

117
71
28
39

19
44,
63.
41.
61.
66.

69

130.

83

66.
40.

41

45.

59.
96.
75.
93.

129
135

96.
63.
129.

95

99.

139

98.
76.

118.
71.

0/
.6/
1/

1/

.8/
.2/
.5/
.7/
7/
9/
0/
0/
o/
9/
.6/
1/
.8/
6/
0/
-0/
0/

7/
8/
2/
1/
-5/
.3/
8/
6/
6/
-3/
9/
.0/
1/
o/

4/
3/

18.
26.
17.

30.

35
21.

8.
12.

6.
13.
19.
12.
18.
20.
21.
39.
25.
20.
12.
12.
13.

18.
29.
22.
28.
39.
41.
29 .
19.
39.
29.
30.
42,
29.
23.

36.
21.
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STRATIGRAPHIC UNIT

Underwood sand

Hagel
Hagel
Hagel

bed
bed
bed

(B bed)

Hagel

bed

(B bed)

Hagel

bed

Kinneman Creek interval

Kinneman Creek interval

Kinneman Creek interval

Hagel
Hagel
Hagel
Hagel
Hagel
Hagel
Hagel
Hagel
Hagel
Hagel
Hagel
Hagel
Hagel

bed
interval
bed
interval
bed
bed
bed
bed
bed
bed
bed
bed
bed

(B bed)

Hagel
Hagel
Hagel
Hagel
Hagel
Hagel
Hagel
Hagel
Hagel
Hagel
Hagel
Hagel
Hagel
Hagel

bed
bed
bed
bed
bed
bed
bed
bed
bed
bed
bed
bed
bed
bed

(B bed)

Hagel

bed



TABLE 4.3.1-1. Intake zone of piezometers and farm wells and availability
of chemical analyses--Falkirk area--Continued

CHEMICAL DEPTH

PIEZOMETER ANALYSIS LOCATION ft/m STRATIGRAPHIC UNIT

59Q 146-82-12 AAA 47.0/ 14.3 Hagel bed

595A 146~83-25 CDD 109.5/ 33.4 Sheet sand

595B 146-83-25 CDD 100.1/ 30.5 Hagel bed

599 146-83-24 DAA 126.9/ 38.7 Hagel bed

601 146-82-20 DAD 85.1/ 25.9 Hagel bed

608 146-81-31 BBC 96.5/ 29.4 Sheet sand
NDSWC 3911 146-82-34 ADD 80.1/ 24.4 Coleharbor Formation
NDSWC 3914 146-82-32 CDC 309.4/ 94.3 Hensler bed
NDSWC 3922 146-82-05 CCC 315.0/ 96.0 Hensler bed

CHEMICAL DEPTH
FARM WELLS ANALYSIS LOCATION ft/m STRATIGRAPHIC UNIT
Elvrum * 145-81-05 CCB 175.0/ 53.3 Hensler bed
Hagel bed

Elvrum 145-81-05 CCB 50.0/ 15.2 (B bed)
Sheldon * 145-81-08 CCB 230.0/ 70.1 Hensler bed
North Amer-

ican Coal 145-82-04 CCC 110.0/ 33.5 Tavis Creek bed
Stevens 145-82-11 CDC 85.0/ 25.9 C bed
Stevens 145-82-12 BCD 125.0/ 38.1 Weller Slough bed
Heger 145-82-18 BBC 126.0/ 38.4 Coal Lake Coulee bed
Heger * 145-82-18 BBC 150.0/ 45.7 Hensler bed
Landenberger 145-83-03 DAA 100.0/ 30.5 Tavis Creek bed
Schauer * 146-81-06 DDD 260.0/ 79.2 Hensler bed
Seidler * 146-81-08 BCB 150.0/ 45.7 Hensler bed
Weisz * 146-81-18 CCA 248.0/ 75.6 Hensler bed
Weisz 146-81-18 CCA 148.0/ 45.1 Tavis Creek bed
Sayler ® 146-81-18 DDD 186.0/ 56.7 Hensler bed
Johnson 146-81-30 DCC 100.0/ 30.5 Sheet sand
Johnson 146-81-30 DCC 245.0/ 74.7 Hensler bed
Sayler 146-81-31 CCC 80.0/ 24.4 Sheet sand
Sayler * 146-81-31 CCC 280.0/ 85.3 Hensler bed
Ecklund 146-81-32 DBC 16.0/ 9 Coleharbor Formation
Ecklund 146-81-32 DBC 22.0/ oy / Coleharbor Formation
Gunther 146~82-02 CBB 90.0/ 27.4 Underwood sand
Johnson 146~82-05 ADA 70.0/ 21.3 Hagel bed
Johnson 146-82-05 ADA 30.0/ 9.1 Coleharbor Formation
Berg 146-82-09 DDD 83.0/ 25.3 Kinneman Creek interval
Schuler 146-82-10 DCC 22.0/ 6.7 Kinneman Creek interval
Schuler 146-82-10 DCC 25.0/ 7.6 Kinneman Creek interval
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TABLE 4.3.1-1. Intake zone of piezometers and farm wells and availability
of chemical analyses--Falkirk area--Continued

CHEMICAL DEPTH
FARM WELLS ANALYSIS LOCATION EE!EL_ STRATTGRAPHIC UNIT
Mautz * 146-82-13 DDB 252.0/ 76.8 Hensler bed
Berg 146-82-15 BBB 90.0/ 27.4 Kinneman Creek interval
Underwood 146-82-20 ADC 98.0/ 29.9 Hagel bed
Sigurdson * 146-82-~20 CAD 304.0/ 92.7 Hensler bed
Sigurdson 146-82-20 DAA 80.0/ 24.4 Hagel bed
Sigurdson 146-82-20 DAA 100.0/ 30.5 Hagel bed
Sigurdson 146-82-20 DAA 43.0/ 13.1 Undexwood sand
Sigurdson 146-82-20 DAA 90.0/ 27.4 Hagel bed
Seidler 146-82-21 AAA 90.0/ 27.4 Hagel bed
Underwood 146-82-21 BBD 95.0/ 29.0 Hagel bed
Underwood * 146-82-21 BDC 395.0/120.4 Hensler bed
Underwood #3 * 146-82-21 CBB 82.0/ 25.0 Hagel bed
Underwood #4 146-82-21 CBB 87.0/ 26.5 Hagel bed
Schell * 146-82-22 CBC 240.0/ 73.2 Hensler bed
Miller * 146-82-23 BAC 550.0/167.6 Cannonball Formation
Miller 146-82-23 BAC 550.0/167.6 Cannonball Formation
Stadick 146-82-28 ADA 75.0/ 22.9 Hagel bed
Mautz 146-82-28 CBB 110.0/ 33.5 Sheet sand
Hoff 146-82-29 BAA 50.0/ 15.2 Underwood sand
Mautz 146-82-29 DBD 100.0/ 30.5 Underwood sand
Swanson 146-82-30 BCA 84.0/ 25.6 Underwood sand
Swanson 146-82-31 CCC 70.0/ 21.3 Hagel bed
Berg 146-82-35 BAB 90.0/ 27.4 Tavis Creek bed
Buchert 146-83-10 BAA 310.0/ 94.5 Coleharbor Formation
Buchert 146-83-10 BAA 200.0/ 61.0 Hensler bed
Ash 146-83-10 DDD 200.0/ 61.0 Tavis Creek bed

Hagel bed

Snyder 146-83-14 BCC 160.0/ 48.8 (B bed)
Freborg 146-83-22 DCD 22.0/ 6.7 Coleharbor Formation
Freborg 146-83-22 DCD 16.0/ 4.9 Coleharbor Formation
Swanson 146-83-24 DDD 120.0/ 36.6 Hagel bed
Schafer 146-83-35 CAD 145.0/ 44.2 Tavis Creek bed
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TABLE 4.3.1.1.1-1. Hydraulic conductivity values--Falkirk area

STRATIGRAPHIC
POSITION

Coleharbor

Kinneman Creek

interval

Kinneman Creek
interval

(Underwood sand)

Hagel bed

(main)

Hagel bed
(B bed)

PIEZOMETER
NUMBER

1-1
3-2
4-2
2-2

6-3
6-5
7-3
10-2

9-1
9-2
40-3
111-4

8-1
8-2
8-3
40-2
106-4
109-2

6-2
39-1
40-1
41-1
42-1
76-1
77-1
78-1
79-1
81-1
82-1
83-1
85-1
88-1

105-6
106-6
108-2

10-1
45-1

DEPTH
(m) K cm/s
26.5  ~5.4 X 1072

4.2 3.2 X 1073
3.7 3.7x 1073
13.1 1.5 X 1073
15.8 3.7 x 107°
7.4 2.6 x 1074
7.3 41X 1070
15.8 3.1% 107
18.6 2.8 X 107%
12.0 3.2 x 1070
5.9 5.5 X 107°
12.1 2.6 X 1077
18.0 5.5 X 1074
11.5 1.2 X 1073
5.9 5.5 x 107%
11.6 9.3 % 107°
22.3 8.0X 107%
18.3 4.8 X 107%
39.9 1.3 X 107
15.6  ~9.7 X 107>
2.1  ~3.4%X1073
17.2 1.7 X 1072
29.0 1.6 X 107%
21.3 2.4 X 1073
21.8 5.3 X 1073
20,6 ~5.1X 1073
20.8  ~3.1X 1073
33.5 2.8 X 1074
36.2 3.1X 1073
42.1 3.3X 107
18.9 3.9 X 107°
21.2 ~1.5 X 1073
20.6 7.0 X 107°
25.5 2.5 x 1074
18.2 5.4 % 1070
47.6 4.8 X 107°
31.8 1.4 X 107

87

LOG K

27
.50
.43
.82

43
.62
#39
.51

.56
.50
.26
.59

.26
.92
.26
.03
.10
.32

.89
.01
.47
s T
.80
.62
.28
.29
.57
.55
.51
.48
W41
.82
.16
.60
.27

.32
.85

MATERTAL

Sand & Gravel

Till

(pebble loam)

Silt/Clay

Sand

Lignite

Lignite



TABLE 4.3.1.1.1-1. Hydraulic conductivity values--Falkirk area--Continued

STRATIGRAPHIC
POSITION

Hagel bed
(B bed)

continued

Hagel interval
(sheet sand)

Hagel interval

(B bed interval)

Hagel interval
(C bed interval)

Tavis Creek bed

Tavis Creek

interval

Hanson interval

(Hensler bed)

Cannonball

Formation

Miscellaneous

PIEZOMETER DEPTH
NUMBER (m)
75-1 26.9
80-1 47.9
86-1 30.8
92-1 18.3
94~1 15.9
73-1 21.1
104-1 33.4
105-2 36.6
107-3 2.1
106-3 40.
4=1 26.
3-1 12.
107-2 45.
102-2 54,
102-1 83.
105-1 82.
107-1 72.
101-1 108.
111-2 21.7
113-2 18.

~7.
~T7.

2

~4.

~2.
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o v L & &
S

LI\O;OO
o < e

LOG K

.62
.85
.89
.10
.14

.70
.54
.40
.82

.60

.39

.14
.34

.60

.92
.42
-5

.00

.92
+13

MATERIAL

Sand

Sand & Silt

Sand

Lignite

Sand

Sand

Sand

Lignite/Silt
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sandy units are extensive enough to be
named at the Falkirk site. They are the
Underwood sand, which is part of the
Kinneman Creek interval; the sheet sand,
which is below the B bed in the Hagel
and the Hensler bed, which is
part of the Hansen interval.

Textural analysis of cores from the
shallowest sandy aquifer, the Underwood

interval;

sand, were undertaken by personnel at
the  Agricultural Station,
Mandan. The material generally consists
of 10 to 20 percent clay, 5 to 15 percent
silt and 75 to 85 percent sand. Permeame-

Experiment

ter tests of 21 samples resulted in hy-
draulic conductivity values that ranged
between 1 X 10™3 cm/s and 6 X 10/ cm/s
with a mean value of 1 X 10 "% cmys.

A total of 17 single-well
tests were conducted
these three units and

response
in piezometers in
in several less
The hy-
draulic conductivity values ranged from
1.2 X 1073 em/s to 4.6 X 1070 cm/s with
a mean value of 2.4 X 103 cm/s. An
additional 28 tests
material of

extensive bedrock sand units.

were executed in
similar the Butte
Formation at Dunn Center (Moran et al.,
1976). The wmean hydraulic conductivity
was 4 X 107 om/s with a range of
2X10% cm/s to 5X10°% cm/s. The
of two sand aquifers

Sentinel

specific storages
determined from pump tests were 5 X 107
I/m and 1 X 107 I/m.

4.3.1.2.3 Lignite aquifers.--The two
shallowest lignite beds, the main Hagel
and the B bed split,
instrumented. A total of 24 single-well
response tests were carried out in these
two units and the Tavis Creek bed (table

are extensively

4.3.1.1.1-1). The average hydraulic
conductivity of the lignite beds is
25%X10% cm/s with a range of
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9.7 X 1073 cm/s to 4.6 X 107/ cm/s. In
the Dunn Center area, the 81 values of
hydraulic conductivity for the lignite have
a mean value 6 X 10”3 cm/s with a range
of 6 X 10 cm/s to 1 X 107 cmss (Moran
1976). Nine of the values were

from pump tests. Storativity

values are listed for seven observation

et al.,
obtained

wells divided between two pump tests.
The deeper of the two tests yielded a
mean specific
5 X 107°m™L. The shallower test,
yielded a very high specific

value, was conducted on a lignite bed
that may have been under water table
conditions.

value of
which
storage

storage

A very high specific storage
value is indicative of unconfined condi-
tions, in which case, the storativity value
the yield of the
aquifer which approximates the aquifer's
porosity. The specific
determined from the shallow pump test are
on the order of 5 X 10™3m™>. The stora-
tivity of the Hagel bed in the vicinity of
piezometer 5-1 was estimated from the
barometric efficiency of the aquifer follow-
ing the procedures described by Jacob
(1940). The porosity of the lignite is due
to fracturing and parting along bedding

planes. A general porosity for fractured

approaches specific

storage values

porous media is on the order of 0.1 to
0.01 (Walton, 1970) which agrees with the

data from the shallow pump test.
Assuming an effective porosity value
of 1072 for the lignite at site 5
results in a very small specific
storage value of 4 X 108m L.  The
reasons for this extremely low value are
not known.

The areal distribution of hydraulic

conductivity in the main Hagel and the B
beds is shown in figure 4.3.1.2.3-1. The
conductivity of the B bed increases from
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Figure 4.3.1.2.3-1. Areal distribution of hydraulic conductivity in the main Hagel and B beds.

north to south in a very regular manner.
The distribution of hydraulic conductivity
within the main Hagel bed is more com-
plex. There are two zones of low conduc-
tivity north-
northeast to south-southwest through the

running approximately

center and along the western third of the
bed. The
Hagel bed and a narrow zone just south-

eastern margin of the main

west of the town of Underwood are zones
of higher hydraulic conductivity. At pres-
ent, the reasons for this distribution of
conductivity are not known.

to be a wvery
relationship the
hydraulic conductivity of the lignite and
the depth below ground surface of the
conductivity measurement (fig.
4.3.1.2.3-2). The equation of the line of

There also appears

approximate between
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the least squares linear regression is:
log K=-4.4759-(0.0636d)
r=0.487
where d is the depth of the measurement
in metres and K is the hydraulic conduc-
tivity in cm/s. The correlation coefficient
of the line is 0.487.

the lignite through which flow occurs are

If the fractures in

horizontal or subhorizontal, then it would
be likely to expect the fracture opening,
and therefore the hydraulic conductivity,
to be a function of vertical confining
pressures or overburden thickness. The
is probably obscured
by several episodes of loading and un-

exact relationship

loading due to erosion and deposition of
sediments associated with glacial advances
and the loading and unloading caused by
the advance and retreat of the ice itself.
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Figure 4.3.1.2.3-2. Relationship between the hydraulic conductivity of the lignite and the depth below the
ground surface of the measurement.



Figure 4.3.2.1.4-1. Elevation of the potentiometric surface of the B bed in metres above MSL. April, 1977.
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Figure 4.3.2.1.5-1. Elevation of the potentiometric surface of the sheet sand in metres above MSL. May 26, 1977.
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Figure 4.3.2.1.6-1. Elevation of the potentiometric surface of the Hensler bed in metres above MSL. April 26, 1977.

piezometer nests containing closely spaced
piezometers finished within the aquitards
or within the aquifers on either side of
an aquitard are required. There are very
few sites to this extent
within the Falkirk study area, therefore

instrumented

there is little data available on vertical
hydraulic gradients.

Some estimates of wvertical hydraulic
gradients are presented in table
4.3.2.2-1. The gradients in the Under-
wood sand are negative (downward flow)
and average -0.23. The situation in the
Hagel complex. The
vertical gradients in the area extending
due west from piezometer nest 8 is a zone
of very low gradients that are generally
Twa areas of strongly upward

interval is more

negative.
hydraulic gradients have also been identi-
fied. The first is located in SW4SW%SWhsec
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15, T146N, R82W, and the second, larger
zone extends from NE%sec 4 to NWisec 5,
T145N, R82W. The significance of this
distribution is not known. Three hydrau-
lic gradient values for the Hagel interval
are presented in table 4.3.2.2-1. Vertical
flow components through the study area
are shown in figures 4.3.2.2-1 and
4.3.2.2-2.

4.3.3 Groundwater-Flow Sys'tems

The large water table and potentio-
metric  mounds that dominate the
groundwater-flow system at the Falkirk
site probably result from a combination
of two processes: (1) site specific re-
charge just south of the town of Under-
wood and (2) regional drainage of the
Sentinel Butte and Bullion Creek aquifers



TABLE 4.3.2.2-1. Approximated vertical
hydraulic gradients

Piezometer
Nest Gradient

Underwood sand 8 0.00
106 -0.09

78 -0.59

43 -0.32

105 -0.17

Average -0.23

Hagel interval 75 -0.83
80 -0.14

111 +0.14

by the deep, permeable channel-fill com-
in the Weller Slough, Coal Lake
Knife  River

plexes

Coulee and preglacial
channels.
Water

system as precipitation and snowmelt that

enters the groundwater-flow
infiltrates through the unsaturated zone
to the water table. At the Falkirk site the
thickness of the unsaturated zone varies
in thickness from less than 6 feet (2 m)
at piezometer nest 8 to over 98 feet (30
m) approximately 1 mile (1.6 km) west of
nest 8. Over most of the study area a
combination of the following four factors
control the actual recharge to the ground-
water: (1) an extensive, low permeability
till (2) high evapotranspiration
rates, (3) the months of maximum precipi-

cover,

tation coincide with periods of high evapo-
transpiration rates, and (4) low frequen-
cy of high
would result in flow occurring through
the unsaturated zone to the water table.

The high evaporation rates result in

intensity precipitation that

the removal of large amounts of precipita-
tion before the water enters the soil. The
low permeability of the soil prevents the
rapid downward movement of the infiltrat-
ing water allowing for further evaporation
and transpiration. In areas of very low

slopes and in closed depressions or
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sloughs, where precipitation and runoff

can collect, the quantity of water infil-
trating may be greater than the amount of
water that is evapotranspired leading to
infiltration well into the unsaturated zone
below the reach of plant roots. If the
water table is close enough to the ground
surface, direct recharge of the ground-
water will occur. The presence of perme-
able sand and gravels above the water
table will

recharge by allowing rapid infiltration of

also facilitate groundwater
water below the reach of evapotranspira-
tion processes.

Over much of the Falkirk study area
the water table is over 45 feet (15 m)
below the ground surface. In these areas
of deep water tables, water from a single
precipitation event, that is of sufficient
magnitude to result in infiltration below
the zone of evapotranspiration, cannot
reach the water table. This water is
stored
zone and further downward movement of
water will not occur until there is another
significant infiltration event.

In the area in which the water table

in the pores of the unsaturated

mound and potentiometric high are great-
est the till cover is thin (less than 15
feet (5 m)) to nonexistent, the material
underlying the till is relatively permeable
silty sands and the water table is as little
as 3-6 feet (1-2 m) below the ground
surface. These conditions the
probability of groundwater re-
charge in this area, relative to much of
the remainder of the uplands in the study
area, which leads-to the establishment of
the groundwater mound. Recharge in the
area surrounding Underwood may also be
favored by extensive glaciofluvial outwash
deposits. These deposits may be in con-
tact with the bedrock sand thereby allow-
Ing a greater amount of direct ground-

increase
actual
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Figure 4.3.2.2-1. North-south cross section of the Falkirk site showing vertical hydraulic gradients.
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water recharge. The channels are also
slight topographic lows which cause them
to be collection points for precipitation
and runoff.

Once the water reaches the water
table

toward the channel complexes to the east,

it flows downward and outward
south, and west. The dominant downward
flow is first interrupted by the main
Hagel bed (fig. 4.3.2.2-1 and 4.3.2.2-2)
in which the flow is predominantly hori-
zontal. The flow direction in the Hagel
is again downward due to the
high permeability contrast between the
and the

interval

lignite  aquifers silt/clay
aquitards.

The creation of a potentiometric high
in the B bed and sheet sand solely by
site specific recharge (or leakage) would
require that the leakage through the
15-26 feet (5-8 m) of silt and clay be-
tween the main Hagel and B beds in the
area of the high be greater than leakage
elsewhere in the study area. There is no
evidence to support or refute the inter-
pretation, but the existence of the very
permeable channel deposits on three sides
of the study area could control the forma-
tion of the high without the need of site
specific recharge or leakage.
would take place throughout the study
area whenever the soil moisture conditions
permit the infiltrating water to reach the

water table.

Recharge

Leakage through the Hagel
interval would be dependent only on the
potential drop between the Hagel and B
beds. The hydraulic head within the
Underwood sand, main Hagel bed, B bed
and sheet sand would drop along the
eastern, southern, and western edges of
the study area due to the drainage of the
groundwater by the permeable sand and
gravel channel deposits. The situations

are analogous to the establishment of
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ditches, with
infinite hydraulic_conductivity, in agricul-

drainage an essentially
tural areas to lower water table eleva-
tions.

In the case of the Underwood sand
and main Hagel bed both site specific
recharge and regional groundwater drains
probably control the formation of the
groundwater high since the possibility for
groundwater recharge is greater in the
For the B bed
and sheet sand the regional drainage
established by the channel deposits is
probably the major control since higher

area around Underwood.

recharge rates are not likely to occur
through the Hagel interval in the area of
the potentiometric high.

The directions of groundwater flow
within the channel deposits have not been
defined. According to the bedrock map
compiled by Bluemle (1971), the water
would probably flow west from the Weller
Slough area (101-1 water level 1890 feet
(576 m)). The Coal Lake Coulee channel
would direct water southwards into Weller
Slough Along the western and
northwestern side of the study area the
Knife
water

channel.

would
southwestward to the
Missouri River. Another interpretation of
the same data, by Klausing (1974), indi-
that the Weller Slough
trends northward to the west of Under-
wood and the Coal Lake Coulee channel
into the Nettie Lake
Aquifer System in the preglacial Missouri
River channel. This bedrock configuration
would seem to indicate that water in the
Coal Lake Coulee channel
northward. Water in the east-west portion

preglacial River channel

direct

cates complex

trends northward

would flow

of the Weller Slough complex would prob-
ably still flow westward, but it would not
follow the channel northward since this
would be perpendicular to the regional



groundwater gradients,

4.3.4 Distribution of
Environmental Isotopes

4.3.4.1 Introduction
Samples from
analyzed for oxygen-18 and tritium. The
purpose of these analyses was (1) to gain
further
flow patterns, and ages of groundwater in
the Falkirk area, (2) to establish some
base line isotopic data that can be used

selected wells were

information about the sources,

in the future for comparison with new
activities are in
progress, (3) to test for the presence of

values when mining
drill water in observation wells that may
not have been adequately cleaned. Before
proceeding with discussion of the results
of the
terminology and principles necessary for

isotope analyses, some of the
interpretation of the data are presented.

Water (HZO) is composed of two atoms
of hydrogen and one atom of oxygen that
are bound by a combination of covalent
and ionic bonding processes. The normal
hydrogen in water has an atomic number
of 1 and an atomic weight of approximate-
ly 1, and normal oxygen has an atomic
number of 8 and an atomic weight of
16. In the hydrological
cycle, all water molecules are
composed of these normal hydrogen and
water mole-

approximately
nearly
Some

oxygen components.

cules, however, are formed partly or
entirely of other isotopes of hydrogen and
oxygen. Hydrogen has two other isotopes
referred to as deuterium and tritium.
Normal hydrogen (1H) has 1 proton in its
nucleus, deuterium (“H, but commonly
designated as D) has 1 proton and 1
neutron with an atomic mass of 2, and
tritium (3H, but commonly designated as
T) has 1 proton and 2 neutrons for a

mass of 3. Tritium is radiocactive with a
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half life of 12.3 years; the aother two
isotopes are stable. The isotope of oxygen
that is of interest here is oxygen-18. In
the hydrologic cycle, the abundant type
of water moleculelés, of ci%urse, lelig.
The molecules HD-"0O, HT "0, and H2 (@]
and other combinations occur in only very
small concentrations. For example, in sea
water HDlGO and H218O occur in average
concentrations of 320 and 2 000 ppm,
respectively (Payne, 1972).
ratios, measured in a mass spectrometer,
are normally expressed in delta units (per
mille) with notation é 18O and D based on
the definition:

6 =I(R-Rgandard?”’ Rstandarg?! X 1 000
where R and Rstandard are the isotopic
ratios of the sample and standard, respec-
tively. In this study, as is generally the
case in hydrology, the standard used is
Standard Mean Ocean Water represented
by the abbreviation SMOW. The standard

is a close approximation of the isotopic

The isotope

composition of the oceans.

Based on the SMOW standard, the 18O
content of waters in the hydrological
cycle normally range between about O and
-25 per mille. In inland continental re-
gions the lightest values (i.e., the most
negative) are found in snow and the
heaviest values in surface water that has
undergone considerable evaporation. The
1‘80 differ for
events depending on the meteorological
history of the vapour mass from which

the rain is derived and on the tempera-

values individual rain

ture of the air mass as the rainfall is
produced. Colder climatic conditions tend
to produce lighter 18O rainfall values.
The 184 content of infiltration water that
the table of
groundwater-flow systems depends on the
180 content of the rain or snow that

lands on the ground surface and on the

recharges water zone

extent of evaporation that occurs before




the water infiltrates a significant distance
into the soil. If the groundwater is being
recharged by seepage from a surface-
water body such as a lake or river, the
18O content of the groundwater will be
the same as the surface water and will
mainly reflect the extent of evaporation
that occurred in the surface-water envi-
ronment. The 18O content of the water,
it resides
system, remains unchanged by chemical or
biochemical processes except in exception-

as in the groundwater-flow

al circumstances, such as in geothermal
areas. Oxygen-18 can therefore be viewed
as a conservative (non-reactive) natural
tracer that is controlled by meteorological
factors, surface and re-
charge

favorable circumstances,

evaporation,
and occurrence. In

180 contents of

frequency

groundwater can yield usedful information
on the source areas of recharge, aquifer
mixing, and surface water-groundwater
interactions.

Tritium has always occurred in water
in the hydrologic cycle, but it has only
been since 1953 that the concentrations in
rain, snow, surface water and young
groundwater have become relatively high.
The large increase in tritium concentra-
in 1953 because of atmo-
spheric tests of thermonuclear devices by
the USA and USSR. The atmospheric tests
began in 1952, with {further series of
tests in 1954 and 1958, with a final series
of tests in 1961 and 1962 before the
moratorium on atmospheric testing. In this
study, as in most hydrological studies,
the tritium concentrations are expressed
in tritium units, abbreviated as TU. One
tritium unit corresponds to a concentra-
tion of 1 tritium atom per 1 X 1018

of hydrogen.

tions occurred

atoms

Before atmospheric testing of thermo-
nuclear devices, rain and snow had very
low tritium concentrations (believed to

103

have been in the range of 5 to 10 TU;
Payne, 1972) that produced by
cosmic ray bombardment of nitrogen in
the atmosphere. As a result of the atmo-
spheric testing,

were

the tritium wvalues for
in the interior of North
America rose to peaks above 1 000 TU
By 1967 the
annual peaks had fallen below about 600
TU and during the past few years in the
interior of North America have gone down
to the range of about 50 to 200 TU. The
tritium content of groundwater is depen-
dent on the concentration of the rain or

rain and snow

following the major tests.

snow that fell on the ground surface and
on the time elapsed since the water infil-
trated below ground surface. Because the
half life of tritium
because the pre-1953 tritium concentra-
tions were only 5 to 10 TU, concentra-

is 12.3 years and

tions of tritium in pre-1953 water in the
groundwater zone are now less than about
3 TU.

In this study the tritium analyses
were done at the University of Waterloo
by direct liquid scintillation counting. To
avoid interference by luminescence, the
samples were distilled prior to placement
The samples
enriched. The lower
limit of detection by this method of analy-
sis is approximately 10 to 15 TU (ex-
pressed as a mean value). Samples with
small mean values,

in the counting apparatus.

were not, however,

have, in proportion
large counting errors (expressed as one
standard deviation about the mean) be-
cause the tritium levels are close to or at
the level of background activity to which
the counting apparatus is exposed. Be-
cause the tritium content of rain and
in the Northern Hemisphere has
been far above 10 to 15 TU since 1953,
the detection limit and precision of the
tritium analyses used in this study are
quite adequate

snow

for differentiation of



pre-1953 water from post-1953 water. In
situations where a small portion of modern
water has mixed with a large portion of
the detection limit is not low

of the

old water,
enough identification

presence of the modern water.

to permit

4.3.4.2 Tritium in groundwater and
surface water

The
samples from observation wells (piezome-
ters), and
bodies in the Falkirk area are listed in
table 4.3.4.2-1.
not yield a positive number of disintegra-
tions relative to the background. There is

results of tritium analyses of

farm wells, surface water

Quite a few samples did

a very high degree of probability that
these samples contain no significant bomb
tritium. The samples with mean values
less than about 10 TU also have a very
high probability of containing no signifi-
cant bomb tritium. With the exception of
five the

therefore are devoid of tritium that origi-

samples, groundwater samples
nated during atmospheric weapons testing
since 1953.

The three surface water samples from
the Falkirk area that were analysed have
tritium values in the range of 57 to 102
TU. A sample of rain collected in the
Dunn Center area on September 27, 1975
had a tritium content of 102+9 TU. Precip-
itation sampling stations operated during
Manitoba,
and Wynyard, Saskatchewan have yielded

the past two years in Gimli,

mean values on accumulated monthly
precipitation samples of 50 to 140 TU. It
can be concluded that the three tritium
in the Falkirk
area are in the range expected for rain

and snow that has fallen during the past

values for surface water

few years.

During the period of 1964 to 1969,
samples of precipitation from
North Dakota,

monthly

Bismarck, were analysed
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by the
Agency,
data summary published by this organiza-
tion in 1975. In 1964 the weighted mean
annual tritium content of precipitation at
2900 TU. By 1969 the
value decreased to 377 TU. By
analogy with long-term sampling results

International] Atomic Energy

Vienna, and are reported in a

Bismarck was
annual

elsewhere in North America, it is reason-
able to conclude that the mean annual
values have decreased gradually to a
present-day value of about 100 TU.

The of
levels in nearly all of the groundwater
samples indicates that nearly all of the

groundwater in the Falkirk flow system

absence significant tritium

was recharged prior to 1953. Using triti-
um data, a similar conclusion was arrived
at by Moran et al. (1976) for the Dunn
Center area. This conclusion is in corrob-
oration with the results of a groundwater
velocity based the Darcy
equation, as described in later sections of
this report.

analysis on

Of the four groundwater samples that
contain tritium at levels that are signifi-
cantly above the detection limit, only one
(78-1) has a value that indicates a large
percentage of modern water. The other
three (83-1, 94-1, 106-6, and the farm
well at SWNWSWsec 23, T146N, R82W) are
closer to the detection limit than tc the
range typical of modern-day precipitation.

The tritium at site 83 is probably the
result of contamination with drilling fluid,
and a second site, 78, may be a result of
contamination by drilling fluid from the
drilling of a nearby test hole. The well at
site 83 is in the main Hagel bed beneath
approximately 30 to 40 metres of mostly
fine-grained sediment of the Coleharbor
and Sentinel Butte Formations. Considera-
tions of hydraulic conductivity and flow
velocity suggest that it is very unlikely
that tritialsd water would occur here.




TABLE 4.3.4.2-1. Tritium content of groundwaters at the Falkirk site

Depth Tritium Content
Sampling Point Stratigraphic Unit (m) (Tv)
Underwood Slough #3 L - 5710
Underwood Sewage Lagoon -—= == 68110
Weller Slough East s i 102110
12010
5 Main Hagel bed 21.8 -13% 9
42 Main Hagel bed 29.0 0t 9
43-1 Main Hagel bed 34.4 -23t 9
-20%10
-3t10
75-1 B bed 26.9 -30% 9
76-1 Main Hagel bed 21.3 7t 9
77-1 Main Hagel bed 21.8 4x 9
15 9
78-1 Main Hagel bed 20.6 47110
83-1 Main Hagel bed 42.1 29%10
-2t 9
94-1 B bed 15.9 2710
101-1 Cannonball Formation 108.8 -3t 9
101-2 Coleharbor Formation 76.1 -6+ 9
~9+10
104-1 Sheet sand 33.4 -1 9
106-3 B bed interval 40.3 -15% 9
-4+ 9
106-4 Underwood sand 22.3 -20% 9
106-6 Main Hagel bed 25.5 21t 9
109~1 B bed & Sheet sand 37.0 4 9
109-3 Main Hagel bed 26.7 -10% 9
Water Supply Wells
Underwood City Well Hensler bed 120.5 -17% 9
NWSWSWsec 08, T145N, R81W Hensler bed 70.1 -1+ 9
6 9
SESESEsec 06, T146N, R81W Hensler bed 79.2 10+ 9
NWSWNWsec 08, T146N, R81W Hensler bed 45.7 -16% 9
-17+ 8
NESWSWsec 18, T146N, R81W Tavis Creek bed 45.1 -12% 9
SESESEsec 18, T146N, R81W Hensler bed 56.7 -12 9
SWSWSWsec 31, T146N, R81W Hensler bed 85.3 -1t 9
-40% 9
NWSESEsec 13, T146N, R82W Hensler bed 76.8 -19% 8
SENESWsec 20, T146N, R82W Hensler bed 92.7 4 9
-25% 8
SWNWSWsec 22, T146N, R82W Hensler bed 73.2 22+ 9
SWNENWsec 23, T146N, R82W Cannonball Formation 167.6 -17% 9
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TABLE 4.3.4.3-1. Oxygen-18 ratios for groundwater at the Falkirk site

Sampling Stratigraphic
Point Unit
5-1 Main Hagel bed
81-1 Main Hagel bed
82-1 Main Hagel bed
88-1 Main Hagel bed
89-1 Main Hagel bed
94-1 B bed
101-1 Cannonball Formation
101-2 Coleharbor Formation
102-1 Hensler bed
104-1 Sheet sand
104-3 Underwood sand
106-4 Underwood sand
106-6 Main Hagel bed
107-1 Hensler bed
Weisz Hensler bed

*All 18O values relative to SMOW.

Site 78 underlies about 20 m of Under-
The tritiated water may
therefore be natural recharge. However,
when test hole UW 534 was drilled at this
site in 1974 an extremely large amount of

wood sand.

water was pumped down this hole as a
result of lost circulation. The tritium in
well 78 could conceivably be due to the
presence of this drilling water in the
formation. Repeated pumping and sampling
for tritium would be necessary to deter-
mine conclusively the origin of tritium at
this site.

4.3.4.3 Oxygen-18 in groundwater

The 15 oxygen-18 values that were
determined on groundwater samples from
the Falkirk site range from -12.4 to -16.8
0/00 (table 4.3.4.3-1). As was explained
above, the oxygen-18 content of water is
related to the climatic conditions under
which the and recharge
occurred. (1964) related
oxygen-18 content of precipitation to the
by the

precipitation
Dansgaard

mean annual air temperature, t_,

expression:

18

Depth 0 Content*
{m) (°/oo)
21.8 -12.94
33.5 ~15.41
36.2 -14.95
21.2 -13.59
17.4 -15.56
16.2 -15.86

108.8 -16.80
76.1 -14.23
83.5 -13.45
33.4 -15.91
11.9 -14.72
22.3 -15.68
25.5 -15.74
72.6 -12.38
75.6 -15.80

Average -14.87%1.28
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6 180=0.6951_-13.6
From this relation the calculated average
annual & 18O value for precipitation in
the Falkirk areas is -10.1%ce. This & 180
value represents the weighted mean of
monthly accumulated precipitation through-
out the year. Values for cold rain or
snow will be much lighter, more negative,
and values for warm summer rainfall will
be heavier, less negative. The 6180 for
groundwater recharging from standing
surface water is almost invariably heavier
than for the precipitation because any
from standing

loss of the

evaporation that occurs
water results
lighter 1
the Dunn Center area, about 100 km west
of the Falkirk site, Moran and others
(1976) found that groundwater that was
directly recharged from snowmelt had
values of 6180 from -18 to -19 °/eo.
Groundwater that had undergone consider-
able evaporation had values of 6180 from
-9.5 to -11.0 °/oo . Whereas water that was
only slightly evaporitic ranged from -11.0
to -14.0°/0o. On this basis four or five

in selective
6O molecules. In their study of



of the Falkirk samples (table 4.3.4.3-1)
in the weakly
Most of the oxygen-18 analyses are

are evaporated range.

from wells in the wupper part of the
Sentinel Butte Formation, in the Under-
wood bed, the Hagel bed, and the sheet
sand. Eight samples from these units form
a group with a 6180 of
-15.5#0.4 %o. The remaining two values,

mean

-12.9 and -13.6 %o are weakly evaporitic.
Both wells with evaporitic 6180 values
in the middle part of the
from the
Underwood and adjacent to surface water
bodies. Well 5-1 with a 5180 value of
-12.9 %o is located just south of a large
slough depression about 500 m X 250 m in
size.

to be
groundwater at site 5. Similarly site 88 at
which the 6180 value was -13.6 %o lies
between two small drainageways. Ponded
water in the floor of these depressions

are situated

slope down upland around

Recharge from this slough appears
a significant component of the

may be responsible for a significant
component of the recharge at this site.
The mean value of 6180=-15.5t0.4 for
the shallow aquifers in the Sentinel Butte
Formation suggests that most recharge

occurs in spring and fall. This conclusion

is based on the assumption that the
Dansgaard equation above can be used, at
least semiquantitatively, to give an

approximation of the dominant temperature
during recharge even though this is not
the mean annual temperature.
this value of 6180 in the Dansgaard
equation gives a temperature range of
-3.31°C to -2.2°C. These temperatures
occur in the Falkirk area in late March to

Inserting

early April and again in October.

Four oxygen-18 values are available
from wells completed in the lower part of
the Bullion Creek Formation (Hensler bed)
The
single sample from the Cannonball Forma-

and in the Cannonball Formation.
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tion is the lightest sample in the Falkirk
5180=16.8 9%o. This value was
typical of most of the deeper wells in the
Sentinel Butte Formation
Center area (Moran et al., 1976). One of
the oxygen-18 values from the Hensler
bed

shallow aquifers discussed above.

area,

in the Dunn

is very similar to those from the
The
other two values from the Hensler bed are

anomalously heavy with 6180 of -12.4
%o (well 107-1) and -13.4 ®/o0 (well
102-1). Because hoth of these wells were

drilled with water from the Underwood
town well that is completed in the Hensler
bed, the heavy 518
attributed to contamination with evaporitic

O values cannot be
surface water, Rather they appear to
reflect the actual values of groundwater
in the Hensler bed. There appear to be
two possibilities to account for the source
of this water:

1. Recharge wunder much warmer
climatic conditions than at present.

2. Recharge from strongly evaporitic
bodies under existing
The Hensler bed
known to subcrop beneath the permeable
valley fill sediment that underlies Coal
Lake Coulee. It is therefore possible that
strongly evaporitic water from Coal Lake

has moved downward through this fill to

surface water

climatic conditions. is

recharge the Hensler bed.

A single determination on water from
a well completed in the Coleharbor Forma-
tion deep in the valley fill beneath Weller
Slough had a 618O=-14.2 %o ., This
value, which is heavier than those typical
of the shallow aquifers in the Sentinel
Butte Formation,
mixture of light water from the Sentinel
Butte Formation with heavier water from
the Hensler bed or the Weller Slough
complex of lakes.

probably represents a

that
during glacial episodes of the Pleistocene

Groundwater was recharged



Epoch (13 000 vears ago) would be ex-

180 contents.

pected to have wvery light
southern Manitoba and
that

groundwater that is Pleistocene in age has
18

Observations in

southern Saskatchewan indicate
O values in the range of -20 to -23

%o0. Precipitation with average annual
values in this range occur at present in
the Arctic region of North America. The
absence of very light 18

where in the flow system of the Falkirk

O values any-

area implies that the groundwater has not

been recharged to the system under
conditions appreciably colder than at
present.

4.3.5 Distribution of Major Ions

The vast majority of analysed ground-
water samples from the Falkirk area were
The collec-
tion of groundwater samples is described

sampled during this project.

in section 4.1.6. Once the analyses were
completed their reliability was evaluated
using the cation-anion balance in the form
of a standard error. The standard error
was defined as the difference of cations
and anions, in milliequivalents per liter,
divided by the sum of cations and anions,
the total being multiplied by 100 to yield
a percent. 1f the standard error was
greater than 30 percent the analysis was
regarded as totally inaccurate and not
considered further. An analysis with a
standard error less than or equal to 5
percent was considered a good analysis
and an analysis with an error greater
than 5 percent but less than or equal to
10 percent was considered acceptable. For
analyses with errors between 10 percent
and 30 percent, an attempt was made to
balance the cation and anion concentra-
tions by difference using either sodium or
These anions,

sulfate. along with chlo-

ride, were difficult to analyze by the
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methods used during 1976 and early 1977.
Chloride
small to not significantly effect the
standard The choice of whether to
increase or decrease sodium or sulfate to

concentrations are generally so
as

error.

achieve a charge balance was somewhat
Generally, if the total hard-
ness matched the concentration of calcium

subjective.

plus magnesium, the total concentration of
the
sulfate concentration was not "exception-
ally high,"
negative,

determined by difference. When the total
of
calcium plus magnesium, the total concen-

calcium plus magnesium was '"low,"

and the standard error was
the sodium concentration was

hardness matched the concentration

tration of calcium plus magnesium was
"high," the
"low," and the standard error was nega-

sodium concentration was
tive or positive, the sulfate concentration
was determined by difference. Occasion-
ally there was an analysis with a positive
error and an '"exceptionally high" sodium
concentration. In this case the sodium
was redetermined by difference to achieve
a charge balance. The analyses used in
the following discussion of groundwater
listed 4.3.5-1
through 4.3.5-7. These analyses, as well

chemistry are in tables
as all
the
appendix C.

The

circles to

other groundwater analyses from
Falkirk area, are also included in

that follow use solid

indicate an analysis with a

figures

standard error of less than 5 percent, a
solid square represents an analysis with a
standard error between 5 percent and 10
percent, and an open square is used to
represent that has been

an analysis

corrected by difference.

4.3.5.1 Coleharbor Formation sand
and gravel
The chemistry of waters from the
Coleharbor sands and gravels is given in
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TABLE 4.3.5-1. Selected chemical analyses of groundwater--Coleharbor Formation

Do

0.2

Lab
PH

8.22

7.42

7.58

Total
Lab Alka-  Hard- Ca Mg
Cond. TDS linity ness mg/L mg/L
1128 972 380 583 184.4 29.7
2970 240 153 159 62.7 1.0
1242 919 653 1577 31.7 24.2

Na
mg/L
62.0
1.2

309.0

5-2. Selected chemical analyses of groundwater--Underwood sand

Field

Well No. Depth Temp. Field Field
Sampling Date Material M) (°Cc) _pH Cond.

FA-3-2 Sand &

8-25-76 Gravel 4.0 NA NA NA

FA-2-1 Sand &

8-25-76 Gravel 14.9 NA NA NA

FA-101-2 Sand &

8-10-77 Gravel 76.8 8 7.39 1675

TABLE 4.3.
Field

Well No. Depth Temp. Field Field
Sampling Date Material (M) (°C) pH Cond.

FA-106-4

8-2-77 Sand 22.86 10 7.33 1675

FA-8-2

T=7=77 Sand 11..50 8 7.04 1500
 FA-8-1

7-7-77 Sand 18.00 9 6.98 900

FA-8-1

8-25-76 Sand 18.00

FA-8-3

8-25-76 Sand 5.90

FA-109-2

8-16-77 Sand 18.30 7 8.27 750

DO

0.15

0.50

0.40

0.40

Lab
L.
7509
7.32
7.02
7.84
8.20

8.39

Lab
Cond.

1257
1271
743
1230
847

739

DS

1473
992
551
806
546

436

Alka~-

linity

234

608

311

574

318

343

Total

Hard-

ness
764
620
342
582
357

365

Ca
mg/L
198.0
152.0

66.0
233.6

66.9

Mg

mg/L

67.0

530

38.0

0.0

44.7

39.9

Na

mg/L

8.5

90.0

39.0

81.0

35.6

9.5

K
mg/L

5.5

6.6

14.6

Hco, €1
mg/L mg/L

463 14.52

187 1.49

797  11.60

Cl
mg/L

HCO3

mg/L

251.40
18.13

170.30

80,
ng/L

Stand-
ard
Error
+4.50

£0572

+0.13

Stand-
ard

Error

mg/L

286.0 57.5

742.0 88.6
379.0 12.5
701.0 137.1
388.0 125.9

418.5 1.2

570.0

71.4

82.1

38.7

12.9

-7 .10

-0.4

0.0

-2.5

-7.4

-5.6
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TABLE 4.3.5-3. Selected chemical analyses of groundwater--main Hagel bed

Field Total Stand-
Well No. Depth Temp. Field Field Lab Lab Alka- Hard- Ca Mg Na K HCO3 Cl SOA ard
Sampling Date Material (M) (2€) pH Cond. DO pH Cond. TDS linity ness mg/L mg/L mg/L  mg/L mg/L mg/L mg/L Error

FA-81-1

1=7=27 Lignite  34.30 7 775 1100 0.70 7.59 964 724 468.0  445.0 110.0 45.0 68.0 4.9 571.0 46.90 162.2 -6.70
FA-5-1

7-20-77 Lignite  22.30 8 6.97 600 0.20 7.17 633 438 354.0 329.0 74.0 35.0 13.0 6.8 432.0 30.60 46.5 -9.90
FA-88-1

7-20-77 Lignite  21.80 7 1500 1.00 6.87 1192 1034 498.0 656.0 143.0 75.3 45.2 7.5 608.0 43.70 326.0 -7.40
FA-89-1

1-18=117 Lignite 17.40 8 1250 0.85 6.32 1155 1107 420.0 602.0 96.8 96.2 46.7 6.8 512.0 32.90 373.0 -7.70
FA-76-1

7-28-77 Lignite 21.64 11 6.81 790 0.20 7.65 675 712 383.0 360.0 81.2 37.8 10.9 4.0 467.0 5.60 66.0 -8.60
FA-76-1

7-22-77 Lignite 21.64 8 860 0.20 8.13 632 463 310.0 295.0 81.5 37.4 9.5 5.0 378.0 9.60 61.0 -0.26
FA-5-1

7-26-77 Lignite 21.80 8 725 7.60 603 352.0 314.0 67.5 33.1 10.9 2.5 429.0 7.24 23.0 -7.60
FA-83-1

7-15-76 Lignite  43.80 12 7.00 2850 7.78 2371 2006 741.0 368.0 56.2 55.2 337.5 13.5 904.5 19.05 142.2 +49.90
FA-84-1

7-15-76 Lignite 40.90 11 7.40 1875 7.32 1650 2110 796.0 694.0 154.2 75.0 115.6 15.2 971.0 80.12 53.3 0.00
FA-85-1

7-15-76 Lignite 18.90 11 7.80 1490 7.33 1310 1798 245.0 285.0 7.9 64.5 100.5 11.4 299.0 20.42 200.6 +3.50
FA-105-6

6-16-176 Lignite 20.60 10 7.40 825 7:61 723 465 395.3  345.0 6.0 80.1 25.0 7.9 482.0 2.82 52.4 -5.20
FA-39-1

7-1-76 Lignite 15.60 10 7.20 960 7.32 866 558 375.0 352.0 32.1 66.1 45.4 9.8 457.0 10.50 155.0 -8.70
FA-106-6

6-4-76 Lignite 25.50 10 7.50 490 7.81 457 274 333.7 245.0 15.3 50.3 17.5 4.6 407.0 3.16 19.2 -10.70
FA-78-1

8-12-77 Lignite  20.60 7 8.93 675 0.40 7.28 648 440 353.0 335.0 62.3 41.3 75.4 5.9 431.0 5.25 130.9 0.00
FA-77-1

8-16-77 Lignite 20.80 7 6.88 900 0.30 7.11 973 739 361.0 461.0 127.0 67.0 14.5 9.4 440.0 8.50 274.6 0.00
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TABLE 4.3.5-3.

Selected chemical analyses of groundwater--main Hagel bed--Continued

Field Total Stand-
Well No. Depth Temp. Field Field Lab Lab Alka-  Hard- Ca Mg Na K HCO3 Cl SO4 ard
Sampling Date Material M) (°C) pH Cond. DO pH Cond. TDS linity ness mg/L mg/L mg/L mg/L mg/L mg/L mg/L Ecror
Underwood
City Well
#3 8-26-76 Lignite 27.40 14 8.10 .270.0 300.0 73.0 29.0 18.0 3.1 329.0 15.00 28.0 +1.00
FA-79-1 4
7-15-76 Lignite 21.80 11 7.60 980 7.4 875 1468 555.5 547.9 46.2 74.7 70.6 10.7 678.0 20.89 118.9 +0.40
FA-83-1
8-16-77 Lignite 42.10 7 7.54 2450 7.67 2327 1787 764.0 301.0 83.2 41.3 569.0 12.3 932.0 13.50 694.2 +4.00
TABLE 4.3.5-4. Selected chemical analyses of groundwater--B bed
Field Total Stand-
Well No. Depth Temp. Field Field Lab Lab Alka-  Hard- Ca Mg Na K HCO3 Cl SO4 ard
Sampling Date Material (M) (°c) pH Cond. DO pH Cond. TDS linity ness mg/L  mg/L wmg/L mg/L mg/L mg/L mg/L  Error
FA-37-1
7-1-76 Lignite 10.50 9.0 1575 7.41 1351 1280 442.0 743.0 98.9 120.5 11.5 7.0 539 20.40 334.00 =2.6
FA-86-1
7-15-76 Lignite 30.80 11.0 1.5 890 7.51 1015 1572 335.5 347.6 58.1 49.2 41.3 8.8 409 2.19 132.40 -3.0
FA-90-1
7-15-76 Lignite 17.20 11.0 7.2 2010 7.12 1683 2306 485.1 484.4 233.0 99.0 12.3 592 8.71 322.70 -2.8
FA-92-1
7-15-76 Lignite 18.30 11.0 8.0 1750 7.40 1521 2128 447.3 492.3 66.9 79.0 134.5 9.8 546. 12.02 340.70 -1.3
FA~113-2
7-1-76 Lignite 18.60 9.0 7:2 1450 6.31 1249 1308 212.2 658.0 195.6 41.1 30.6 10.6 259 15.85 508.00 -1.8
FA-112-2
7-1-76 Lignite 19.20 10.0 7.0 1650 6.35 1529 1506 303.0 841.0 243.9 56.2 37.9 10.2 369 21.88 680.00 -5.4
FA-94-1
71-15-77 Lignite 15.90 8.0 990 0.25 6.97 925 674 372.0 340.0 78.9 33.4 70.4 4.1 454 39.30 61.92 0.0
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TABLE 4.3.5-5. Selected chemical analyses of groundwater--sheet sand

Field Total Stand-
Well No. Depth  Temp. Tield Field Lab Lab Alka- Hard- Ca Mg Na K HCO C1l S0, ard

Sampling Date Material (M) (°C) pH Cond. DO pH Cond. TDS linity ness mg/L mg/L mg/L wmg/L mg/L mg/L mg/L Error

FA-107-3
6-16-77 Sand 21.1 14.0 7.30 1395 7.55 1289 940 687.0 309.0 9.8 69.2 247.9 10.9 838 7.76 91.5 -4.1
FA-104-1
8-9-77 Sand 33.4 9.0 6.44 1600 0.2 7.17 1308 1020 611.0 539.0 119.0 50.8 151.0 10.1 745 7.24 284.4 -3.9
FA-104-1
8-9-77 Saad 33.4 9.0 6.44 1600 0.2 7.36 1301 1018 610.0 548.0 131.0 52.9 144.0 10.4 744 8.22 281.2 -2.0
FA-105-2
6-16-76 Sand 36.6 10.0 8.10 700 7.75 678 430 349.8 35.9 5.1 10.5 142.8 5.0 427 0.94 20.6 0.0
TABLE 4.3.5-6. Selected chemical analyses of groundwater--Hensler bed

Field Total Stand-

Well No. Depth Temp. Field Field Lab Lab Alka-  Hard- Ca Mg Na K HCO3 Cl SO4 ard

Sampling Date Material (M) (°c) pH Cond. DO pH  Cond. TDS linity ness mg/L mg/L mg/L mg/L mg/L wmg/L mg/L Errer

Saylor J.
8-11-77 Sand 57.0 17.0 7.74 1150 7.89 1020.0 710 541 79.6  21.4 7.1 278.0 8.5 660.0 17.40 127.2 0.0

Sheldon 0.
8-12-77 Sand 70.0 15.Q 8.15 2850 8.28 18.5 1369 889 25.8 7.6 2.2 533.0 3.7 1085.0 39.80 114.2 +5.7

Weisz R.
8-11-77 Sand 76.0 14.0 7.34 1075 7.68 1010.0 622 531 225.0 51.7 22.1 175.0 8.7 648.0 7.24 107.1 -3.2

Saylor R.
8-12-77 Sand 85.0 20.0 8.01 1500 8.19 1285.0 935 700 37.7 5.8 1.8 383.0 3.6 B854.0 19.30 136.3 -0.6

Heger L.

8-16-77 Sand 46.0 20.0 7.37 1750 7.82 1589.0 1198 755 356.0 78.0 60.0 379.0 93.0 921.0 15.90 323.3 +6.9
FA-102-1

7-13-77 Sand 54.2 8.0 8.24 1500 0.3 8.18 1374.0 962 677 35.3 0.9 0.7 460.7 1.8 826.0 77.00 215.0 0.0
Underwood

City Well

8-19-77 Sand 120.4 10.0 8.69 1290 8.50 1402.0 802 594 14.9 2.5 1.0 351.0 2.4 724.7 1.30 173.4 0.0
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TABLE 4.3.5-6. Selected chemical analyses of groundwater--Hensler hed--Continued

Field Total Stand-

Well No. Depth Temp. Field Field Lab Lab Alka- Hard- Ca Mg Na K HCO3 Cl1 SOA ard

Sampling Date Material (M)_ (°C) pH Cond. DO pH  Cond. TDS  linity ness mg/L mg/L mg/L wmg/L wmg/L mg/L mg/L Error

Underwood
City Well
8-19-77 Sand 120.4 10.0 8.69 1290 8.73 1402.90 817 597 8.5 2.5 1.1 354.0 1.7 728.3 1.60 175.8 0.0
Schauer E. Sand 79.3 11.0 7.35 1300 7.78 1696.0 1021 598 390.0 107.0 52.0 262.0 14.2 729.6 1.00 377.0 +3.8
Mautz H. Sand 76.9 15.0 7.29 950 7.91 954.0 632 538 133.0 46.2 24.4 197.7 8.1 656.4 10.00 100.6 0.0
Schell E. Sand 72.0 15.0 7.24 535 8.26 511.0 228 336 181.0 48.0 30.9 70.1 .1 409.9 1.00 67.6 0.0
Sigurdson R.
8~18-77 Sand 91.5 8.0 8.61 1650 8.79 1675.0 1026 712 27.7 3.2 1.1 3%4.0 2.4 879.6 2.20 109.8 +4.0
Sigurdson R.
8-18-77 Sand 91.5 8.0 8.61 1650 8.69 1668.0 1041 719 14.9 2.5 1.2 386.0 3.3 877.2 2.30 100.0 +1.7
Elurum Sand 53.4 16.0 7.38 1350 8.83 2700.0 1629 1061 3.4 7.2 3.0 625.0 5.0 1294.4 1.90 308.0 -0.4
FA-105-1
6-16-76 Sand 82.0 11.0 8.20 1310 8.31 1193.0 882 631 45.4 2.3 9.6 314.0 3.8 770.0 4.33 84.0 0.0
TABLE 4.3.5-7. Chemical analyses of miscellaneous groundwater samples
Field Total Stand-
Well No. Depth Temp. Field Field Lab Lab Alka- Hard- Ca Mg Na K HCO3 Cl SOA ard

Samy{ing Date Material (M) (°C) pH Cond. DO pH Cond. TDS linity ness mg/L wg/L mg/L mg/L mg/L mg/L  mg/L Error

Surface Water
Underwaod

Slough #3
6-22-77 0.0 16 8.65 1525 8.55 1286 1159.0 584.0 405.0 42,0 74.0 198.0 23.0 912.0 35.50 292.0 -3.70

Kinneman Creek Interval

FA-9~1
8-25-76 Silt 18.6 NA NA NA 8.29 1110 810.0 365.8 399.3 153.7 3.6 178.0 10.3 446.0 138.40 230.7 0.00
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TABLE 4.3.5-7. Chemical analyses of miscellaneous groundwater samples--Continued

Field Total Stand-
Well No. Depth Temp. Field Field Lab Lab Alka- Hard- Ca Mg Na K HCO Cl SO4 ard

Sampling Date Material (M) (°C) pH Cond. DO pH Cond. TDS linicy ness mg/L wg/L mg/L mg/L mg/L mg/L.  mg/L  Error

B Bed Interval

FA-106-3 Sand &

8-1-77 Silt 41.2 9 8.33 1300 0.2 8.56 996 750.0 589.0  49.5 7.3 0.5 317.0 2.5 719.0 25.70 71.4 0.00
FA-102-3

6-18-76 Sand 27.0 10 7.80 1590 7.50 1287 896.0 648.4 210.7 1.4 50.3 269.9 10.0 791.0 9.55 143.0 0.00

C Bed Interval

FA-4-1
8-25-76 Sand 26.4 NA NA NA 7.68 1445 1206.0  490.9 726.4 261.5 17.6 90.0 9.6 598.9 13.60 388.9 0.00

Tavis Creek Bed

FA-3-1
8-25-76 Lignite 12.6 NA NA NA 7.95 1523 1114.0 709.6 211.7 64.6 12.2 310.0 7.6 866.0 9.40 162.8 +1.00

Tavis Creek Interval

FA-102-2
6-18-76 Sand 54.2 10 8.50 2200 8.43 1975 1332.8 962.8 58.1 5.6 3.4 527.0 6.5 1175.0 22.90 181.0 0.00
FA-102-2
7-13-77 Sand 54.2 8 7.83 1850 0.3 8.16 2013 1458.0 945.0 23.7 3.4 1.5 642.0 3.3 1153.0 105.80 308.0 0.00

Cannonball Formation

FA-101-1

8-11-77 Sand 118.9 8 8.18 2075 0.1 8.22 1873 1385.0 1063.0 75.7 7.6 3.6 539.0 5.3 1224.0 21.30 196.8 -0.01
Miller (M.) Sand &

8-16-77 Gravel 152.0 11 6.98 1550 7.44 1438 1108.0 515.0 368.0 99.0 57.0 210.8 13.7 628.0 10.00 41.2 0.00
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Figure 4.3.5.1-1. Schoeller diagram of groundwaters from the Coleharbor sand and gravel.
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Figure 4.3.5.1-2, Trilinear plot of groundwater chemistry from the Coleharbor sand and gravel.

4,3.5.1-1
diagram

and 4.3.5.1-2. The
in figure 4.3.5.1-1

figures

Schoeller
illustrates each analysis as a single line
connecting points representing the con-
centrations of given ions. It is a useful
means of summarizing the raw data pre-
sented in tables 4.3.5-1 through 4.3.5-7.
Trends

analysis are easier to visualize on tri-

or groupings of groundwater

linear plots such as figure 4.3.5.1-2;
therefore, the following discussions will
center around the trilinear plots.

The shallow groundwater from sand
and gravel aquifers is represented by
and 3-2

which are located in the east-west channel

samples from piezometers 2-1

through the center of the study area.

The &, Mg*-HCo,", 50,

water is Ca 4

116

with a TDS between 240 and 1 108 mg/L.
The sample from piezometer 101-2, located
deep within the Weller Slough complex, is
a Na'-HCO,  water with a TDS of 919
mg/L. This water is entering the channel
complex from the deeper bedrock hydro-
logic units which contain Na+HC03_ wa-
ters (secs. 4.3.5.5 and 4.3.5.6).
Klausing (1974) lists 14 analyses from
the Turtle Lake aquifer, a glaciofluvial
sand and gravel complex northwest of
Underwood. These water samples were
Ca’’-HCO,” or Na'-HCO;™ with TDS
values between 277 and 1 360 mg/L. The
sodic waters were found along the edges
of the valley fills where the influence of
inflowing bedrock waters is greatest.

Three analyses of waters from the Weller
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Figure 4.3.5.2-1. Schoeller diagram of groundwaters from the Underwood sand.
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Figure 4.3.5.2-2. Trilinear plot of groundwater chemistry from the Underwood sand.

Slough channel complex are also listed.
These waters were all of the Na+—HCOS_
type with TDS values between 867 and
1 730 mg/L.

4.3.5.2 Underwood sand

The Schoeller diagram (fig.
4.3.5.2-1) indicate that the
groundwater chemistry within the Under-
is highly wvariable and the
samples unrelated, but the trilinear plot
(fig.

seems to

wood sand

4.3.5.2-2) clusters the samples in
the Ca?*, Mg?* to ca®*, Na'-HCO,",
8042_ field. Several analyses show rela-
tively high chloride concentrations. The
piezometers from which these samples
were collected are located next to the

Underwood city sewage lagoon and the

118

elevated chloride concentrations probably
result from infiltration of water from the
sewage The very high sulfate
concentration in the sample from piezome-
ter 106-4 may result from the close prox-
imity of the piezometer tip to the lignite

of the main Hagel bed.

lagoon.

4.3.5.3 Hagel bed

The analyses of water collected from
the main Hagel bed can be split into two
groups; those with calcium concentration

greater than magnesium concentrations
and those with magnesium concentrations
greater than calcium concentrations (figs.
4.3.5.3-1 and 4.3.5.3-2).

are found north of an

The calcium-
richer waters

east-west trending line that lies about 1.5
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Figure 4.3.5.3-1. Schoeller diagram of groundwaters from the main Hagel bed with Ca/Mg ratios greater
than one.
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Figure 4.3.5.3-3. Trilinear plot of groundwater chemistry from the main Hagel bed.

miles (2.6 km) south of Underwood.
There is an even stronger relationship
between the date of the analysis and the
value of the Ca2+/Mg2+ ratios. Of the 12
analyses reporting Caz"/Mg2+ ratios of
less than one (from both the main Hagel
and B beds), 92 percent were analyzed in
1976 and 8 percent, or one sample, was
analyzed in 1977. Unfortunately, only one
piezometer, 83-1, was sampled and ana-
lyzed successfully in both years. In 1976,
the CaZ+/M92+

and in 1977, the ratio was greater than

ratio was less than one

one. It is therefore unclear, as yet, as to
whether the variation in CazJ'/Mg2+ ratio
is a real phenomenon or due solely to
analytical techniques.

The same data is plotted as a trilinear

diagram in figure 4.3.5.3-3. The water

chemistries cluster in the Ca2+, Mg2+-
HCO;™, $0,”” and Ca®*, Na’™-HCO;,
SO, "~ fields of the diagram. The excep-

tions to this are the samples collected
from piezometer 83-1 in both 1976 and
1977.
chemistry is different at this point.

It is not known why the water

4.3.5.4 B bed

The Schoeller diagrams for the B bed
are also split according to Cazi'/Mg2+
ratios (figs. 4.3.5.4-1 and 4.3.5.4-2).
The trilinear plot (fig. 4.3.5.4-3) of the
chemical analyses is very similar to that
of the main Hagel bed. Two of the sam-
ples, from piezometers 112-2 and 113-2,

are much higher in sulfate. This may be
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Figure 4.3.5.4-1. Schoeller diagram of groundwaters from the B bed with Ca/Mg ratios greater than one.
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Figure 4.3.5.4-3. Trilinear plot of groundwater chemistry from the B bed.

due to the oxidation of iron sulfides
associated with the lignites. The lignites
in these areas are near the water table
which may allow for sufficiently oxygen-
ated water to come in contact with the
sulfides to cause oxidation and 8042'

generation.

4.3.5.5 Sheet sand

The chemistry of groundwaters from
the plotted
4.3.5.5-1 as a Schoeller diagram and as a

sheet sand is in figure
trilinear plot in figure 4.3.5.5-2. The few
samples analyzed tend to fall within the
Na*, ca?*-HCO,", $O,% field of the
trilinear plot, in between the Ca2+—HCO3_
waters of the shallower hydrologic units

described above and the deeper Bullion

124

Creek units yet to be discussed.

4.3.5.6 Hensler bed
The Schoeller diagram for the Hensler
4.3.5.6-1) indi-
narrow range of

bed groundwaters (fig.
cates a very high,
sodium contents and a highly wvariable,
lower calcium and magnesium concentra-
tion. The same trend is also apparent on

the trilinear plot (fig. 4.3.5.6-2) where

the analyses fall within the Na+, Ca2+-

- 2« + = 2-
I-lCO3 , SO4 and Na —HCO3 . SOq
fields.

4.3.5.7 Miscellaneous water samples
These
several

were collected from
the
Sentinel Butte and Bullion Creek Forma-

samples

stratigraphic units within
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Figure 4.3.5.5-2. Trilinear plot of groundwater chemistry from the sheet sand.

tions that are not well enough instru-
mented to warrant individual attention.
One surface water sample is also included
in this group. It can be noted from table
4.3.5-7 that, beginning with the interval
below the B bed,

comes more and more sodic as one moves

the groundwater be-

down through the stratigraphic column.
The surface water sample is also rela-
tively sodic because it is situated in an
area where it receives groundwater inflow
from the sheet sand.

Additional chemical analyses of McLean
County groundwaters from the Fort Union
Group, which includes all the units dis-
cussed above with the exception of the
Coleharbor Formation,

are reported by

Klausing (1974). The 65 samples analyzed
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from the Fort Union aquifers are predomi-
nantly Na+-HCO3'with a TDS content
between 206 and 3 350 mg/L.

4.3.5.8 Geochemical evaluation
of groundwater
The trilinear plots presented above
have been summarized in  figure
4.3.5.8-1.

tions are quite similar for all the hydro-

The relative anion concentra-

logic units sampled with the groundwater
being predominantly of the HCO3', 50
type.
tions occur among the cations.
the
units, from the Coleharbor Formation to
the bed,
percentages move from 100 percent cal-

4
The major water chemistry varia-

As one

moves down through stratigraphic

Hensler the relative cation
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Figure 4.3.5.6-2. Trilinear plot of groundwater chemistry from the Hensler bed.

cium corner toward the center of the
where all three cation species
are represented in equal quantities, to
the When
plotted on the diamond field of the dia-
gram, the samples split into two groups;
ca?t Mg2+ to ca?t Naer—HCOB-,
Soqz-group that includes groundwater
from the B bed, main Hagel bed, Under-
wood sand, and Coleharbor Formation and
a Na*, Ca®" to Na'-HCO,™, 50,% group
that includes all the units below the B
bed.

The chemical evolution of the ground-
distinct when the

ratio of calcium plus magnesium to sodium

triangle,

100 percent sodium caorner.

a

[ ’

water becomes more

are plotted as a function of depth below

ground surface (fig. 4.3.5.8-2). The
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graph indicates a gradual change to more
sodic waters with increasing depth. The
same relationship is shown when the data
is plotted as a function of elevation.

The pattern of groundwater evolution
presented here may be due to the ex-
change of calcium for sodium by sodium-
rich clay minerals present in the aqui-
tards at the Falkirk site. As the water
moves vertically through the aquitards,
the calcium in solution is exchanged for
sodium sorbed on the clay minerals. The
longer the flow path, or residence time,
within the aquitards the more calcium will
be
become the dominant cation in solution.

sorbed and sodium will gradually

The relationship appears to be a function
of depth because the flow through the
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Figure 4.3.5.8-1. Summary trilinear plot of groundwater chemistry.

clay-rich  aquitards is predominantly
vertical. Once the groundwater enters the
clay-deficient lignite and sand aquifers, it
flows horizontally without further signifi-
This
interpretation is further supported by the
lack of

distribution of the calcium plus magnesium

cant cation exchange reactions.

correlation between the areal

to sodium ratio values and the distribu-
which
indicate the flow directions within the

tion of hydraulic head values,

aquifers.

4.3.6 Distribution of Trace Constituents

Water samples collected during the
1976 and 1977 field seasons were analyzed

for iron (Fe), manganese (Mn), copper

129

(Cu), cadmium (Cd),
(NOB'Z), fluoride
(P0, %), total
selenium (Se).
the metal
through 0.45 micron

l[ead (Pb), nitrate
(F),
arsenic (As),
During the
trace

phosphate
and total
1977 field
season, samples were
filtered

filter paper before

cellulose
being acidified by
adding 5 ml of nitric acid to each 475 ml
of sample.
carried out in the 1976 field season. This

The filtering step was not

omission resulted in the release of metals
from suspended material when the sample
was acidified. For example, the average
lead concentration of the unfiltered 1976
samples was 141 pg/L while the filtered
samples collected in 1977 averaged 15.7
u g/L. Therefore, all trace metal analyses

from the unfiltered samples have been
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Figure 4.3.5.8-2. The ratio of Ca and Mg to Na plotted as a function of a depth below ground surface.

omitted from the following discussion.
4.3.6.1 Trace metals

The recommended concentration limit
for (table 4.3.6.1-1)
equaled or exceeded in 77 percent of the

manganese is
properly collected samples that have been
analyzed to date (tahle 4.3.6.1-2). Of the
remaining low manganese samples 90
percent were collected from the Hensler
bed and the Cannonball Formation. Gener-
ally, manganese concentrations are less
than iron concentrations in groundwater
environments (Hem, 1870), but 25 percent
of the samples analyzed from the Falkirk
have concentrations

than The
majority of these samples was collected
from the bed the
Underwood sand.

Iron concentrations at the Falkirk site

site manganese

greater iron concentrations.

main Hagel and
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exceed the U.S. Environmental Protection
Agency’'s (1975) recommended concentra-
tion limits in 67 percent of the samples.
Some of the highest values listed in table
4.3.6.1-2 were collected from farmers’
wells finished in the Hensler bed. The
one sample from a PVC piezometer in the
Hensler bed contains 10-20 times less iron
than the farm well samples; therefore, it
is quite probable that the high
concentrations are the result of corrosion
of the well casing and/or the plumbing of

iron

the farmers' water supply systems.
Copper concentrations are well below
the recommended concentration limits of
1 000 pg/L, ranging from 4-52 p g/L and
average 12 pug/L. These values are within
the range of concentrations that would be
expected for the redox and pH conditions
found in the groundwater and surface
water within the study area (Hem, 1970).



TABLE 4.3.6.1-1. Recommended and
permissible concentration
limits established by
the EPA (1975)

RECOMMENDED
CONSTITUENT CONCENTRATED LIMIT*
Inorganic mg/T
Total Dissolved Solids 500.
Chloride (C1) 250.
Sulfate (504) 250.
Nitrate (N03) 45.
Iron (Fe) 0.3
Manganese (Mn) 0.05
Copper (Cu) 1.0
Zinc (Zn) 5.0
Boron (B) 1
Hydrogen Sulfide (HZS) 0.05

MAXIMUM PERMISSIBLE

CONCENTRATIONY*
Arsenic (As) 0.05
Barium (Ba) 1.00
Cadmium (Cd) 0.01
Chromium (CrVI) 0.05
Selenium 0.01
Antimony (Sb) 0.01
Lead (Pb) 0.05
Mercury (Hg) 0.002
Silver (Ag) 0.05
Fluoride (F) 1.4-2,40%%*

MAXTMUM PERMISSIBLE

CONCENTRATION

Organic
Cyanide 0.05
Endrine 0.0002
Lindane 0.004
Methoxychlor 0.1
Toxaphene 0.005
2,4-D 0.1
2,4,5-TP silvex 0.01
Phenols 0.001
Carbon Chloroform

Extract 0.2
Synthetic detergents 0.5
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TABLE 4.3.6.1-1. Recommended and
permissible concentration
limits established by
the EPA (1975)--Continued

MAXIMUM PERMISSIBLE

ACTIVITY

Radionuclides and
Radioactivity pecocuries/litre
Radium-226 3.
Strontium-90 10.
Plutonium 50 000<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>