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1.0 INTRODUCTION
1.1 General Statement

The Dunn Center project was
conducted by the University of North
Dakota Engineering Experiment Station
under contract from the Natural Gas
Pipeline Company of America to assess the
environmental impacts of a coal
gasification plant in that area. The North
Dakota Geofogical Survey cooperated in
this project as part of its program of
studying the stratigraphy and environments
of deposition of lignite-bearing rocks in the
western part of the state. This report
provides a summary of the base-line data
acquired for preparation of the
environmental impact report.

1.2 Physiography and Topography

The project area in westcentral North
Dakota is located within the Knife River
Upland, immediately east of the boundary
between the glaciated and unglaciated
portions of the Missouri Plateau section of
the Great Plains Physiographic Province
(fig. 1.2-1). The project area straddles the
v:ﬁey of Spring Creek, a tributary of the
Knife River (fig. 1.2-2). The valley here is
about 15 miles wide and 200 to 300 feet
deep. The valley of the Little Missouri
River lies about 4 miles north of the
project area. The Little Missouri arm of
Lake Sakakawea, which occupies this
generally east-west trending valley, is about
400 feet below the general level of the
project area. The rugged badlands
topography that forms the walls of the
Little Missouri River valley drops as much
as 600 feet from the divide to the lake in a
distance of 2 to 3 miles. About 2 to 4 miles
south of the project area, the Knife River
occupies a roughly east-west trending valley
that lies about 200 feet below the general
level of the project area. About 15 miles
west of the project area, the Killdeer
Mountains, which, along with the badlands,
are the most striking feature of the
landscape, form a prominent, flat-topped

upland that reaches elevations about 3300
feet, 1100 feet above the general level of
the project area. Smaller flat-topped buttes
rising as much as 150 feet above their
immediate surroundings cap the divide
between Spring Creek and the Knife River
in the southern part of the project area.

The topography of the project area is
characterized, for the most part, by
integrated drainage typical of the Great
Plains. Approximately three-fourths of the
area is nfescribed as strongly sloping (15
percent), sloping (40 percent), or gently
sloping (16 percent). Of the remainder,
most s nearfy level (16 percent). Only
about 10.5 percent of the acreage in the
project area has strongly rolling, rolling,
and undulating topography characterized
by nonintegrated drainage (Natural Gas
Pipeline Company of America, 1974, p.
2-111). Most of the nearly level topography
in the project area lies on the nearly flat
floors of two partially-filled glacial
melt-water valley systems. One of these
valley systems trends generally
southeastward across the south-central part
of the project area. The other trends
generally north-south across the western
end of the project area.

In most of the project area boulders
are few and scattered, but in some places
they are abundant. Lakes and ponds are
limited to two types of settings. In the
northern part of the project area, where
remnants of glacial sediment are preserved,
urland sloughs, such as characterize the
glaciated Missouri Plateau, occur.
Throughout the remainder of the pro_]ect
area, lakes and ponds are restricted to low
places on the floors of the melt-water
valleys. All of the large lakes in the project
area, including Lake Ilo and Marshall
Slough, are of this latter type.

1.3 Objectives and Scope

The major objective of the subsurface
geologic and hydrologic studies was to
describe, in as much detail as was feasible,
the nature of the subsurface hydrological
and hydrochemical systems prior to
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mining. The base-line information that was
obtained will serve to provide a basis for
comparison with the conditions monitored
during and after mining. In addition to
providing base-line information, the field
investigations were designed to meet the
following specific objectives:

1. To assess the effects that strip
mining will have on the groundwater
environment outside of the area designated
for mining. The main emphasis here was
the determination of the influence of strip
mining on the water-level and water-quality
behavior in aquifers that are used for
municipal and farm water supply outside of
the mining area.

2. To determine the feasibility of
assuring domestic and livestock water
supply of adequate quantity and quality
from aquifers below the base of mining
operations to enable reclaimed land to be
resettled with farm development. The main
emphasis here was on identifying and
testing potential aquifers below the Dunn
Center bed and on determining their
potential for pollution from mining or
reclamation activities.

3. To provide information to assist in
the location and design of
waste-management facilities, in %ocation
and design of lignite storage facilities, and
to assess the effects of these facilities on
the groundwater regime.

4, To provide information to assist in
the design of land-reclamation schemes and
in development of predictions regarding the
f)otential effects of wvarious

and-reclamation options on the
groundwater systems below, within, and
outside of the reclamation area.

5. To provide the beginnings of a
network of observation wells that can be
used to monitor the subsurface effects of
mining if mining should occur.

To accomplish the above objectives,
the following types of field investigations
were conducted between Apri% and
December 1975:

a. Inventory of domestic and stock
wells in the study area and collection of
water samples from a selected number of
these wells.

b. Geologic test drilling and downhole
geophysical logging to define the

stratigraphic framework as a base for
hydrological, water quality, and future
hnd—recﬁmation studies.

c. Coring of representative intervals
above and directly below the Dunn Center
bed for purposes of (1) providing samples
for trace eclement and other chemical
studies of the mineral constituents, (2)
observing the nature of the porosity and
permeability (i.e., degree of fracturing, if
any) of some of the si.FtTand clay beds.

d. Installation of nests of observation
wells for water-level monitoring, water
sampling, and permeability testing.

e. Monitoring, sampling, and testing of
the wells.

f. Packer tests (by pressure injection
and pump-out methods) in uncased
borehofes as they were drilled for the
purpose of permeability testing and water
sampling of aquifers and aquitards.

g. Pump testing of existing wells and
monitoring the water level in nearby
observation wells.

1.4 Methods of Study

The stratigraphic study for this
project utilized three types of investigation.
The more general, regional aspects of the
stratigraphic discussion are based on a
review of relevant literature. Those
formations which are of particular
importance to the project were studied in
more detail utilizing geophysical logs and
sample descriptions of available oil tests
and municipal water wells. The most
detailed study involved test drilling,
geophysical logging, coring, and sampling
of testholes at 68 sites throughout the
project area. Appendix A-l is a list of the
depths to the tops of the significant
stratigraphic marker beds in all the
testholes used for this study. Appendix
Al contains gethysical logs of UND
stratigraphic testholes.

The exploration strategy utilized in
conducting the geologic and hydrologic test
drilling program was to first drill a series of
deep testholes along a north-south cross
section through the project area. These
testholes were drilled to aLout 500 feet on
one-mile centers to provide sufficient

stratigraphic detail beneath the area of




interest to permit correlation without
difficulty. In addition, it was believed that
this depth would be below the zone of
surface-affected hydrologic activity. After
initial stratigraphic correi:tions were made
and the regional stratigraphic picture
emerged to the point that specific marker
beds could be confidently identified in the
field, the drilling strategy was modified.
Preliminary groundwater data confirmed
that surface-affected hydrologic activity
was in fact shallower than the initial
testholes. Key stratigraphic marker beds
that appeared to have hydrologic
significance were selected and became the
principal target of the exploration strategy
throughout the remainder of the program.

More than 26,000 feet of test drlling
at 68 sites was completed during the period
from June to October 1975 (fig. 1.4-1).
The drilling was accomplished using two
forwardcirculation rotary drilling rigs.
Samples were collected at 5-foot intervals
during the drilling of the stratigraphic
testhole for each site. The driller
maintained a log of the materials drilled
and a Geolograph, which recorded drilling
rate and served as a record of other
activities associated with the drilling, A
field log was kept by the geologist on the
site. The samples were oven-dried at the
site or at the field headquarters and were
described in detail before being bagged.
The stratigraphic testhole at each site was
geophysically logged (resistance, natural
gamma, gamma-gamma density, and
caliper). Most sites were also logged using
other probes for comparison of different
combinations and capabilities.

Core holes were drilled at ten
different sites within the project area (fig.
1.4-2). A total of 301 feet of 4-inch
diameter core was recovered. The coring
sites and intervals were selected to give a
representative sampling of the lithologies in
the overburden and be%ow the Dunn Center
bed. About 140 feet of the core was taken
above and 160 feet below the Dunn Center
bed. About 10 percent of the core below
the Dunn Center bed was from material
immediately underlying the lignite. Core
samples that have not been destructively
analyzed are stored in the North Dakota
Geof]ogica.l Survey Core and Sample Library

5

at the University of North Dakota, Grand
Forks, North Dakota.

The analyses conducted on the core
samples included: (1) the chemical and
Ehysical properties of the overburden, (2)

ulk density, (3) spark source
spectroscopy, (4) permeability, and (5)
cation exchange capacity.

2.0 GEOLOGY
2.1 General Stratigraphic Framework

The Dunn Center project area is
underlain by as much as 14,000 feet of
sedimentary rock lying on a basement of
Precambrian igneous and metamorphic
rock. The sedimentary column (fig. 2.1-1)
consists of limestone, dolomite, shale,
sandstone, and evaporite having varying
thickness and attitude (Carlson and
Anderson, 1970). The varying lithology of
the sedimentary column results in varying
characteristics of strength, hydraulic
conductivity, and mineral resource
potential. Only the stratigraphic units
which are potentially important to the
Dunn Center project are described and
discussed in this section.

The units that will be disturbed by
mining, the Coleharbor Formation and
upper part of the Sentinel Butte
Formation, are clearly of significance for
the project. Also important are the
remainder of the Sentinel Butte Formation
and the Bullion Creek Formation, both of
which contain other lignite beds and
provide the framework of varying hydraulic
conductivity that controls much of the
detail of groundwater flow under the area
to be mined. The Cannonball Formation
and much of the Montana, Colorado, and
Dakota Groups are discussed because their
very low hydraulic conductivity separates
the deep, regional, groundwater-flow
system into essentially isolated cells. The
Ludlow, Hell Creek, and Fox Hills
Formations and much of the Dakota Group
are discussed because they contain
significant aquifers. The permeable
Minnelusa Formation and the overlying,
very slightly permeable Opeche Formation
are discussed because of their potential as a
deep injection zone for disposal of aqueous
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wastes. Deep injection has been indicated
as the planned means of disposing of 600
gpm of aqueous waste generated by a
similar proposed gasification project
located in Mercer County about 30 miles
east of the Dunn Center area
(Woodward-Clyde Consultants, 1975, p.
3-110). Stratigraphic units below the
Minnelusa Formation and between the
Opeche Formation and the Dakota Group
are not discussed because they have no
special significance for project activities.

2.1.1 Minnelusa Formation
The Minnelusa Formation consists of
thick beds of well-sorted, clean sand and

sandstone, with interbedded shale that is
from a few feet to a few tens of feet thick
(fig. 2.1.1-1). The formation ranges in
thickness from about 150 feet to about
225 feet beneath the project area (fig.
2.1.1-2). Sand generally makes up about 90
Fercent of the total thickness of the
ormation, but in some areas as little as 40
percent of the formation is sand. In the
project area, the Minnelusa Formation dips
nearly due west at about 33 feet per mile
(fig. 2.1.1-3). The top of the formation lies
from 6750 to 7515 feet below the land
surface at an elevation of about 5100 feet
below sea level in the west and 4700 feet
below sea level in the east.




ERA| SYSTEM TSEQUENCE GROUP | FORMATION DOMINANT LITHOLOGY
S
Quaternary | Tejas Coleharbor Pebble-loam, Sand, Gravel, Silt, Clay
O Golden Valley | Silt, Clay, Sand
< Sentinel Butte | Silt, Sand, Clay, Lignite
o . _ | Bullion Creek | Silt, Sand, Clay, Lignite
% | Tertiary Fort Union) gy, Silt, Clay, Sand, Lignite
© Cannonball Marine Clay, Silt, Sand
Ludlow Silt, Clay, Sand, Lignite |
T Hell Creek Sandstone, Shale, Lignite
Fox Hills Marine Sandstone
Mo | e Shale B
Niobrara Shale, Calcareous
Zuni Colorad Carlile Shale
il olorado | Greenhorn Shale, Calcareous
% Cretaceous Belle Fourche | Shale
N Mowry Shale
4 Newcastle Sandstone
= Dakota Skull Creek Shale
Fall River Sandstone, Shale
Lakota Sandstone, Shale |
i Morrison Shale, Clay |
Jurassic Sundance Shale, green and brown, Sandstone
Piper 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 R
Big Snowy | Otter Sandstone, Limestone
Mississippian Kibbey Interbedded Limestone, Evaporites
Madison Limestone
o Bakken Siltstone, Shale
3 Kaskaskia Three Forks Shale, Siltstone, Dolomite
N Birdbear Limestone
8 Duperow Interbedded Dolomite, Limestone
:t] Devonian Souris River Interbedded Dolomite, Limestone
= Dawson Bay Dolomite, Limestone
Prairie Salt
Winnipegosis Limestone, Dolomite
Silurian Interlake Dolomite
Stonewall Dolomite, Limestone
Stony Mountain| Limestone, Dolomite
Tippecanoe Red River Limestone, Dolomite
Ordovician Roughlock Calcareous Shale, Siltstone
Winnipeg | Ice Box Shale
Black Island LSandstone
Cambrian Eauk Deadwood L Limestone, Shale, Sandstone
Precambrian L L

Figure 2.1-1 Stratigraphy of the sedimentary rocks underlying the Dunn Center area.
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2.1.2 Opeche Formation

The Opeche Formation, which
consists of interbedded salt and shale,
directly overlies the Minnelusa Formation
(fig. 2.1-1). Generally about half of the
formation is salt and half is shale, although,
in some places, the formation consists ogas
much as 90 percent salt; in other places the
salt has been completely removed by
solution. The Opeche Formation underlies
the entire project area at depths of about
6400 to 7000 feet (app. A-I). The total
thickness ranges from about 100 to 450
feet and averages 350 feet (fig. 2.1.2-1).
The Opeche Formation serves as a very low
permeability barrier that isolates the
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underlying Minnelusa Formation from
permeable beds above it.

2.1.3 Dakota Group

The Dakota Group consists of two
major lithologies. At the base of the group,
the Fall River and Lakota Formations
consist dominantly of sand and sandstone
(fig. 2.1.3-1). Overlying these formations
are the Skull Creek and Mowry
Formations, which consist dominantly of
shale, separated by the Newcastle
Formation, which is sand or sandstone (fig.
2.1.3-1). The Fall River and Lakota
Formations consist of thick beds of sand
and sandstone interbedded with silty
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Figure 2.1.2-1 Map of the thickness of the Opeche Formation in the Dunn Center area.




12

OWNER: TEXACO INC.-BERNARD TRAMPE NO.1

NDGS NO. 4748
LOCATION: SE )4 NE /3 SEC. 28, T144N, R S4W
ELEVATION: 22D21KB 2210 GL

|
=

SR -

| SESSIRY,

P N
—
—

N,

Al

E—

N |

g
i 1= ‘

5400

£ | <

v /! WMW’\\LWM} V |

<

g = =
- ¢ c‘;:" 1
| £ = |
1 LY
] ’ I oL, S
11 : 3 .

n 1
=
—_— FALL RIVER
s FORMATION
=i

LAKOTA
FORMATION

DAKOTA GROUWP

3

SPONTANEOUS m RESISTIVITY CONDUCTIVITY
POTENTIAL

INDUCTION — ELECTRICAL_LOG

Figure 2.1.3-1 Geophysical log of the lower part of the Dakota Group.




sandstone, siltstone, and shale. Individual
beds of sand and sandstone are from 20 to
60 feet thick. The Fall River and Lakota
Formations have a total thickness of about
350 feet, ranging from 300 to 400 feet in
the project area (fig. 2.1.3-2). The top of
the Falf River Formation lies at depths of
4850 to 5370 feet below the land surface
(app. A-1). Its elevation varies from about
2950 feet below sea level, in the western
part of the project area, to about 2700 feet
below sea level, in the east (fig. 2.1.3-3).

2.1.4 Colorado and Montana Groups

The shale of the Mowry Formation, at
the top of the Dakota Group, is overlain by
five formations consisting almost entirely
of clay shale. These include the Belle
Fourche, Greenhorn, Carlile, and Niobrara
Formations of the Colorado Group, and
the Pierre Formation of the Montana
Group. With the exception of the sand and
sandstone of the Newcastle Formation (fig.
2.1.3-1), which ranges in thickness from 10
to 50 feet and lies about 100 to 150 feet
above the Fall River Formation, the entire
interval from about 5000 feet to 2000 feet
below land surface (app. A-l) consists of
shale which effectively isolates
groundwater flow in the Fall River, Lakota,
and Newcastle Formations from overlying
permeable zones. The top of this interval of
shale, the Pierre Formation, is the absolute
base of local and intermediate
groundwater-flow systems under the
project area (fig. 2.1.4-1).

2.1.5 Fox Hills, Hell Creek, and
Ludlow Formations

The Fox Hills Formation consists of
laterally continuous, alternating beds of
sand, silt, and clay that are traceable
throughout the project area. Individual
sand beds are several tens of feet thick. The
sand is generally clean and well sorted.

In this study, the top of the Fox Hills
Formation has geen arbitrarily placed at
the top of the highest well-developed, thick
sand section in the lower part of the
interval between the Pierre and Cannonball
Formations (fig. 2.1.5-1). It is not known
whether this contact corresponds to the
top of the formation as recognized in
outcrop. It may actually lie within the Hell
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Creek Formation. As here defined, the Fox
Hills Formation consists of two or three
beds of sand, which range in thickness from
20 to 70 feet, separated by beds of silt and
clay. In ten testholes in the study area, the
Fox Hills Formation varied in thickness
from 190 feet to 297 feet (fig. 2.1.5-2).
The elevation of the top of the formation
varied from 570 feet to 838 feet (fig.
2.1.5-3).

The Hell Creek Formation consists of
alternating beds of silt, sand, clay, and
minor lignite. Individual beds are not as
laterally traceable as those in the
underlying Fox Hills Formation. Although
sand beds are generally less well sorted than
in the Fox Hils Formation, they do
constitute potential aquifers in some
places. In the project area, the Hell Creek
Formation generally consists of.
fine-grained material. It is bounded below
by the arbitrarily defined top of the Fox
Hills Formation, as described above. The
upper contact of the Hell Creek Formation
is the base of the first significant lignite bed
above the Fox Hills Formation (fig.
2.1.5-1, 4, and -5). Defined in this way,
this contact is very difficult to pick
without a very good gammaray and
gamma-gamma density log of the hole. It
was recognized in six testholes in the area.
The thickness of the Hell Creek Formation
varied from 74 to 165 feet.

The Ludlow Formation consists of
alternating beds of silt, sand, clay, and
lignite. It is very similar in characteristics to
the Bullion Creek and Sentinel Butte
Formations. In this study, both the upper
and lower contacts of the Ludlow are
placed on lignite beds. The lower contact is
discussed above; the upper contact is
placed at the top of the first lignite bed
below the thick silt and clay of the
Cannonball Formation (fig. 2.1.54, -5).
The thickness of the Ludlow Formation in
the project area varies from 99 to 200 feet.

2.1.6 Cannonball Formation

The Cannonball Formation consists
primarily of silt and clay. The middle part
of the formation contains two beds of sand
that occur throughout the project area
(figs. 2.1.5-1, 2.1.54, 2.1.5.5, 2.1.6-1); in
some places, sand also occurs at the top
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Figure 2.1.4-1 Map of the elevation of the top of the Piesre Formation in the Dunn Center area.

and base of the formation. The sand beds
are generally about 25 feet thick, and the
clay beds are about 50 feet thick. The top
of the Cannonball Formation is from 1135
to 1265 feet above sea level (fig. 2.1.6-2) at
depths of about 850 to 1250 feet below
the land surface (app. A-l). The thickness
of the Cannonball Formation ranges from
205 to 290 feet with the greatest thickness
in an east-northeast-trending belt from
south of Dunn Center to north of Halliday
(fig. 2.1.6-3).

The Cannonball Formation serves as a
very low-permeability barrier that
effectively isolates groundwater in the
Ludlow, Hell Creek, and Fox Hills

Formations from the overlying Bullion
Creek and Sentinel Butte Formations. It is
probably the base of intermediate
groundwater-flow systems. Except where
drain-down cones have been developed by
pumping or flowing wells, potentiometric
head in aquifers below the Cannonball
Formation will not reflect local

topographic effects.

2.1.7 Bullion Creek Formation

The Bullion Creek Formation
(formerly Tongue River Formation)
(Clayton and others, 1977) underlies the
entire project area. It consists of alternating
beds of silt, clay, sand, and lignite. In the
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project area, it varies in thickness from
about 700 feet in the west to about 450
feet in the east (fig. 2.1.7-1), The basal
contact of the Bullion Creek Formation has
been arbitrarily placed at the top of a thick
silt and clay section of the Cannonball
Formation (fig. 2.1.7-2). The base of the
Bullion Creek Formation, thus defined, is
generally a gradational sequence of silt and
sand that irecomes progressively sandier
uﬁward. A thin lignite generally occurs in
the upper part of this sequence. No “basal
Bullion Creek sand” was recognized in the
project area.

No definitive basis to readily identify
the upper contact of the Bullion Creek

naaw] bal k1

Formation in the subsurface has been
established. Observations by Moran and
Stancel along the wave-eroded bluffs of
Lake Sakakawea north of the project area
indicate that no exposures of the Bullion
Creek Formation are present. The upper
contact of the formation is therefore
arbitrarily placed at the base of the first
widespread marker bed below 1850 feet,
the es)evation of the reservoir, This is a
prominent lignite bed that is here
informally named the J-lignite (fig.
2.1.7-3).

The Bullion Creek Formation contains
sand and coal beds that are potential
aquifers. In addition, the Bullion Creck
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Figure 2,1.7-1 Map of the thickness of the Bullion Creek Formation in the Dunn Center area.
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Formation contains lignite beds that are
sufficiently thick that they may be a
valuable resource at some time in the
future with the development of in situ
conversion technology.

More recent work in the Knife River
basin indicates that the upper contact of
the Bullion Creek Formation is actually
lower than that picked in this report (G. H.
Groenewold, personal communication).
The Bullion Creek Formation, as used in
this report, includes the Slope Formation
(Clayton and others, 1977). Because of the
depth of this contact in the study area, no
attempt was made to separate the units.

2.1.8 Sentinel Butte Formation

The Sentinel Butte Formation consists
of alternating beds of silt, clay, sand, and
lignite (pls. 1, 2, 3, and 4). Inllvidual beds
vary in thickness from less than a foot to
several tens of feet. Study of cores and
outcrops indicates that single beds contain
alternating laminae of varying texture that
are a few mm thick.

The upper surface of the Sentinel
Butte Formation is nearly everywhere
eroded. One testhole, which was drilled by
the North Dakota Geological Survey about
1% miles north of the project area,
extended through the lower part of the
Golden Valley Formation and the entire
Sentinel Butte Formation, which is about
490 feet thick at that site (pl. 2). Using the
elevation of the contact between the
Golden Valley Formation and the Sentinel
Butte Formation and the elevation of the
top of the Bullion Creek Formation in
nearby testholes, the Sentinel Butte
Formation varies in thickness from 525 to
575 feet in the southern part of the area
(pl. 1).

Ten major lignite beds are recognized
in the Sentinel Butte Formation in the
Eroject area. The upper three are very
imited in distribution because of erosion
of the upper part of the formation. The
lower seven have been traced across the
entire project area. The characteristics of
these major lignite beds and the silt, sand,
clay, and minor lignite beds between them
are discussed in detail below.
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2.1.9 Golden Valley Formation

The Golden Valley Formation caps
isolated buttes north of the project area, on
the divide between Spring Creek and the
Little Missouri River, and in the southern
part of the area, along the divide between
Spring Creek and the Knife River (fig.
2.1.9-1). It consists of two members. The
distinctive, lower member is about 30 feet
thick. It 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 (Clayton, 1970).
The upper member consists o
conspicuously cross-bedded, micaceous
sand, sandstone, or silty, fine-grained sand.
Silt and bentonitic clay are abundant in the
upper part of the member (Clayton, 1970).

2.1.10 Coleharbor Formation

The Coleharbor Formation, as used in
this study, contains all of the
unconsolidated gravel, sand, silt, clay, and
pebble-loam (till) that overlies the Sentinel
Butte and Golden Valley Formations. It
probably contains some sand and gravel
that are, in fact, stratigraphically below the
type Coleharbor Formation. It
undoubtedly contains sand, silt, and clay
which are stratigraphically above the type
Coleharbor Formation. The Coleharbor
Formation is used in this very broad
manner for a number of reasons: (1) The
formalized framework for stratigraphic
classification of the wunderlying and
overlying units is in a state of flux and
unstable. (2) This study has not
concentrated sufficient attention on these
materials to permit consistent systematic
differentiation of the material that is not
part of the Coleharbor Formation strictl
defined. (3) Very little of the materia.{
herein included in the Coleharbor
Formation but not actually part of it,
occurs in the project area; and its
differentiation is not considered significant
to the objectives of this study.

Two principal occurrences of
sediment ofp the Coleharbor Formation
have been recognized in the project area:
(1) thin, discontinuous patches on the
uplands, largely restricted to the northern
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part of the area (fig. 2.1.9-1), and (2) thick,
linear bodies ﬁlﬁi_ng glacial meltwater
channels (fig. 2.1.9-1). The thin patches
occurring on the upland are generally
clayey to silty pebble-loam (till) that
contain scattered boulders. Some sand and
gravel occurs in these areas, but it is
irregular in distribution and has not been
differentiated. In these areas, the sediment
of the Coleharbor Formation is thin,
generally only a few feet thick and
probably nowhere more than 10 to 20 feet
thick. Test drilling in the project area, the
distribution of boulders throughout the
area, and observations in the Indian Head
Mine at Zap, North Dakota, which is
located in a similar physiographic setting,
all indicate that other thin patches of
ebble-loam, which range in area from a
Few hundred square feet to a few acres, will
be encountered through the project area.
Isolated patches of gravel, from 1 to 3 feet
thick, which are too thin and too small to
be shown on figure 2.1.9-1, also occur in
the area.

The maximum thickness of the
meltwater channel fills ranges from about
120 to about 200 feet. Although they are
generally complex, indicating a multistage
history of deposition, they are
characterized by a general pattern of
coarse-grained materia%,e sand and gravel,
near the base, overlain by finer-grained
material, pebble-loam, silt, and clay (fig.
2.1.10-1, -2). In some places, several layers
of sand and gravel are separated by layers
of pebbledoam or lacustrine clay (fig.
2.1.10-3). In a few places, sand beds were
found in the upper, generally fine-grained
part of the fill, very near the surface (figs.
2.1.10-1, 2.1.104).

2.2 Structure

2.2.1 Regional Structure

The project area is located just east of
the center of the Williston basin. Rocks
older than the Cannonball Formation dip
toward the west indicating that the center
of the basin was located west of the project
area (figs. 2.1.1-3, 2.1.3-3, 2.1.4-1, 2.1.5-3,
2.1.6-2). The direction of the regional dip
in the Bullion Creek and Sentinel Butte
Formations is toward the east (fig. 2.2.1-1).
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It is not clear whether this represents a
migration of the center of the Williston
basin to the east of the project area or
whether the subsidence of the Williston
basin had ceased and the basin was filled.

2.2.2 Intermediate Structure

A review of structure maps from the
top of the Cannonball Formation (fig.
2.1.6-2) upward (figs. 2.2.1-1, 2.2.2-1,
2.2.2-2) reveals a persistent
northeast-trending structural ridge across
the center of the project area. This
structural ridge is flanked on the southeast
and northwest by structural depressions.
Two possible explanations for this
structural pattern suggest themselves. The
first is that the high area reflects a
thickening of sediment in the Cannonball
Formation (fig. 2.1.6-3) over which the
younger rocks were draped. We consider it
unlikely that so small a thickening as is
present in the Cannonball Formation
should persist through such a great
stratigraphic interval. The second possible
explanation is that differential solution of
one of the numerous Paleozoic or Mesozoic
salt beds that underlie the project area
produced the structure. Extensive salt
subsidence has been demonstrated just east
of the project area in eastern Dunn County
(John Ferguson, NDGS, personal
communication). We believe that this
structure probably is related to
salt-subsidence, but it is outside the scope
of this report to establish the exact mode
of formation and the time of the
subsidence.

2.2.3 Small-Scale Structure

Examination of the structure map of
the Dunn Center bed (fig. 2.2.3-1) reveals
numerous structural h'l]% and low areas
that are not accounted for by the regional
or intermediate structures outlined above.
We believe that these represent one or more
of the following processes.

1. Some otP the minor structure may
result from small-scale salt-subsidence such
as is discussed above on a larger scale.

2. Near major valleys such as the
Little Missouri and Knife River valleys and
along the narrow, steep-sided glacial
meltwater trenches, landsliding may result
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in an irregular lowering of beds.

3. Original irregularities on the land
surface on which the lignite bed was
deposited can result in several feet and
possibly more of apparent structure.
Natural levees on modern flood plains rise
several tens of feet above the floors of
adjacent flood-basin lakes.

4. Some structure may result from
differential subsidence resulting from
consolidation of different types of
sediment. A thick section of sand may be
thinned 10 to 20 percent during
consolidation while a section of clay may
be thinned as much as 40 to 50 percent.

2.3 Detailed Stratigraphy
of the Project Area

2.3.1 Sentinel Butte
Formation—Subsurface

Preliminary study of the initial test
drilling for this project indicated that the
Sentinel Butte Formation was
characterized by a series of major lignite
beds that could be traced over the entire
groject area (pls. 1, 2, 3, and 4). It also
ecame increasingly apparent that even
lignite beds that are one foot or less thick
are traceable over areas of as much as
several hundred square miles. The other
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lithologic types can rarely be traced more
than a few miles. Between the laterally
continuous lignite beds, abrupt and
frequent facies changes are the rule.
Accordingly, the Sentinel Butte Formation
has been subdivided using a series of key
beds, mostly lignites. The major lignites
have been given letter designations to serve
as informal names for purposes of this
project. Too little is known of these units
outside the project area to warrant formal
treatment.

The sediment between the key beds is
named by the lignite lying at the base of
the interval, for example, the J-interval.
Where a specific bed or lithology is an
interval to be named, it is given a name
such as I-sand or I-interval sand.

In the project area, the Sentinel Butte
Formation is subdivided into ten intervals
by named lignite beds. Above the Dunn
Center bed the naming convention has
followed the practice j.ready established
for the project area by the Paul Weir Co.
The three main lignites in the overburden
are named from the surface down, the
Clignite, B-lignite, and A-lignite. From the

Dunn Center bed down, normal
alphabetical order was used for the E-
through J-lignites.

Each of the intervals above the Dunn
Center bed has been subdivided into
lithologic units in Mine Area No. 1 (fig.
2.3.1-1 and -2). These units have been
extended throughout the project area
where feasible. The lignite bed at the base
of the interval is named by a number that is
an even multiple of 100; the Dunn Center
bed is 100; the A-bed is 200; the B-bed is
300; and the C-bed is 400. The units above
the basal lignite bed are named in ascending
stratigraphic order using a three-digit
number related to the basal lignite. For
example, unit 110 is clay and silty clay
overlying the Dunn Center bed; unit 230 is
silt that overlies sand that overlies silt and
clay resting on the A-bed.

2.3.1.1 C-Lignite Interval

The Clignite interval is the highest
unit recognized in the Sentinel Butte
Formation. It extends from the base of the
Golden Valley Formation to the base of
the Clignite (fig. 2.3.1.1-1). The total
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thickness of the C-interval is not known
because the Golden Valley Formation has
been removed by erosion over most of the
unit. As much as 75 feet of the C-interval is
preserved just south of Horse Nose Butte,
but the total thickness is probably about
80 to 90 feet.

The C-interval is dominantly silt, but
clay and sand are also abunc{mt. The
various lithologies making up the C-interval
occur in alternating beds from a few feet to
about 10 feet thick. Because of the
frequent changes in lithology, the thinness
of the beds and the small area underlain by
the C-interval, we have not attempted to
subdivide the C-interval. The C-lignite is as
much as 6 feet thick in some pil:ces (fig.
2.3.1.1-2).

2.3.1.2 B-Lignite Interval

The B-lignite interval extends from
the base of the C-lignite to the base of the
B-lignite (fig. 2.3.1.1-1). The B-lignite at
the base of the B-interval is overlain by a
discontinuous basal unit of sand and silty
sand (unit 310) that is overlain by a
widespread continuous unit of silt (unit
320) (figs. 2.3.1.2-1 and 2.3.1.2-2). In most
places, the C-lignite rests on this silt, but, in
some places, a second unit of sand (unit
330) overlies the silt. The B-interval varies
in thickness from less than 20 to more than
80 feet (fig. 2.3.1.2-1). Along the cross
sections of figures 2.3.1-1 and -2, the
B-interval has a mean thickness of 31 feet,
of which 9.4 feet is the B-lignite. The
B-lignite is generally 10 feet or less thick,
but in the eastern part of Mine Area No. 1,
where it is split by a bed of silt, it is greater
than 20 feet thick (fig. 2.3.1.2-2).

2.3.1.3 A-Lignite Interval

The A-lignite interval extends from
the base of the B-lignite to the base of the
Alignite (fig. 2.3.1.1-1). It forms the
Surgce material over much of the project
area. In Mine Area No. 1, the A-interval has
been subdivided into seven lithologic units.
The lowest unit (unit 210) which
everywhere rests on the A-lignite, is silt. A
discontinuous unit of sand and silty sand
(unit 220) overlies the silt and the
Alignite. In some places this sand is as
much as 60 feet thick. A unit of silt (unit



e

36

710

meD

BAND £ BILTY BAND

EXPLANATION

CLAYEY WILT € BATY CLAY

B e
[ 2o ETIES

o

Latanoe

clay

i

10-2 for location of the

1.

Figure 2.3.1-1 East-west stratigraphic cross section of the Sentinel Butte Formation above the Dunn Center bed in proposed mine area No. 1. See figure 2.

Cross section.




SSBRN
N y 3 3
L -
DO ::a‘ J

,7
%
°

- roo

T
o
22
X2
2
K
R
Yo
552
5
1

Qe

Ll

e
L

CROSS SECTION IXx — OVERABURDEN LITHOLDOY F

EXPLANATION
BAND £ WILYY mano

LT

ot
s
XX eiLT, CLavey BILY 8 BILTY cLAY -Ir.‘-

oLAY

Figure 2.3.1-2 North-south stratigraphic cross section of the Sentinel Butte Formation above the Dunn Center bed in proposed mine area No. 1. See figure 2.1.10-2 for location of the

ion. L
cross section &



38

companNy: UND ENGINEERING EXPERIMENT STATION
BORE HOLE: 78-17-2 '

LocaTION: GEY, SE/ SE /4 SEC 9, T144N, R93W
ELEVATION: G.L, 282868.3 FEET

aT r - }
=k r c
: INTERVAL
= 4
) = 1 &
s0° —
| r') > B
1[*, L INTERVAL
= . :
1= i
100- { e = s
. == r ' INTERVAL
= [
3
15d—l—— 4 — =
DUNN CENTER
- INTERVAL
. »
20d.
1
\ | H
B A o~ INTERVAL
crs CALIPER
T o
GAMma 10X O omv 20" Tzan
c=O.5 G6R RESISTANCS RESISTANCE
GAMMA 8010 2090
GAMMA
DENSITY
=] st SAND SILTY
SAND
cLav
4 LicNiTE

Figure 2.3.1.1-1 Geophysical log of the upper part of the Sentinel Butte Formation.

SENTINEL BUYTE FORMATION




39

REAW ) RB3W RB3AW) RESW RB2W | RETW

S | s g & : 4+

LIGNITE BOUNDARY (——=)
ci=2’

o 1 2 3

e ] MILES
o1 2 a

e KILOMETERS

+

| HALLIDAY

NDS8

Tﬂa‘N . . . . . + . . . . +

resw |Reaw Asaw | Reaw Re3W | RERW

Figure 2.3.1.1-2 Map of the thickness of the C-lignite in proposed mine area No. 1.




40

RBAW | RB3IW RE3AW /| RIRW RBRW | R81W

} LIGNITE BOUNDARY (—=-)
ci=20"

resw | Resaw reaw | peaw Resw | peew

Figure 2.3.1.2-1 Map of the thickness of the B-interval in the Dunn Center area.




R84W ) RA3IW RE3W | ReRwW RBRW | RET1W

1 c.l=5'
o 1 "2
s MILES

1 R 3
e KILOMETERS

rasw | reaw naaw | paaw Raaw | neaw

Figure 2.3.1.2-2 Map of the thickness of the B-lignite in the Dunn Center area.

41



42

225) that, in some places, contains a minor
lignite bed a few feet thick grades laterally
into the sand. The sand is overlain by a
nearly continuous bed of silt, which
contains a minor lignite bed (unit 230). A
discontinuous unit of clay (unit 240),
which has a very limited distribution,
overlies unit 230. It is overlain by a thin
sand unit (unit 250) which is overlain by
silt of unit 260. At various places the
B-lignite rests on units 220, 230, 240, 250,
and 260 (figs. 2.3.1-1, 2.3.1-2).

In Mine Area No. 1, the A-interval
varies in thickness from about 40 to about
110 feet (fig. 2.3.1.3-1). The mean
thickness is about 70 feet. The A-lignite
varies in thickness from 4 feet to 10 feet,
with a2 mean thickness of 7.1 feet in Mine
Area No. 1 (fig. 2.3.1.3-2). North of Spring
Creek it is thicker. In some places, the
A-lignite grades laterally into unit 130 and
is replaced by sand (figs. 2.3.1-1, 2.3.1-2).

2.3.1.4 Dunn Center Interval

The Dunn Center interval extends
from the base of the A-lignite to the base
of the Dunn Center bed (gg 2.3.1-1). The
uneroded thickness of the Dunn Center
interval is extremely variable, ranging from
about 5 feet to about 140 %:;t (fig.
2.3.1.4-1).

The Dunn Center bed is nearly
everywhere overlain by unit 110, a layer of
clay, silty clay, and clayey silt that ranges
in thickness from about 5 feet to about 20
feet. A discontinuous but extensive sand
and silty sandy body, unit 120, overlies the
Dunn Center bed or unit 110. In places, it
is as much as 70 feet thick. Unit 120 grades
laterally into silt of unit 123, which in turn
grades into silt, silty clay, and clayey silt of
unit 127. Unit 130 overlies units 120, 123,
and 127 in most places. It consists of silt,
or silt, silty clay, and clayey silt (figs.
2.3.1-1, 2.3.1-2).

The Dunn Center bed varies in
thickness from less than 10 to more than
20 feet (fig. 2.3.1.4-2). In the western part
of the Dunn Center area, a wedge of silt
splits the Dunn Center bed into two beds 8
to 10 feet thick. This parting, which in
Flaces is as much as 30 feet thick, accounts
or the great thickness of the Dunn Center
bed in the western part of the project area

(fig. 2.3.1.4-2). The structure of the Dunn
Center bed is complex, but generally the
bed dips eastward (fig. 2.2.3.1).

2.3.1.5 E-Lignite Interval

The Elignite interval extends from
the base of the Dunn Center bed to the
base of the E-lignite (fig. 2.3.1.5-1). The
E-interval is dominantly silt, although clay
is an important constituent in some areas.
Sand is limited to thin beds in the extreme
northern and southern parts of the project
area and a thick body that trends roughly
east-west, just south of the plant site (pls.
1, 2, and 3). A minor lignite occurs just
below the Dunn Center bed near the top of
the interval throughout most of the area.
The thickness of the E-interval varies from
10 to 50 feet; it is generally about 25 to 30
feet thick (fig. 2.3.1.5-2). The Elignite
underlies the entire area; it is split in the
northern part of the area. The E-lignite has
a mean thickness of about 5 feet (fig.
2.3.1.5-3).

2.3.1.6 F-Lignite Interval
and G-Lignite Interval

These two intervals are treated
together because the G-lignite and F-lignite
appear to be splits of the same bed. Only a
single bed is present over most of the area,
the F-lignite. In the northern and western
parts of the area, a wedge of silt splits the
bed and both the F-lignite and G-lignite are
present (fig. 2.3.1.5-1). In those areas, the
G-interval is present. In the rest of the area,
there is no G-interval.

The F-lignite interval extends from
the base of the E-lignite to the base of the
F-lignite. It ranges in thickness from 60 to
95 feet and has a mean thickness of about
80 feet (fig. 2.3.1.6-1). The F-interval is
generally slii. Sand makes up most of the
interval in the northern 3 or 4 miles of the
project area and is a significant constituent
in the area of the plant site. Clay is a minor
constituent of the interval. The F-interval
includes an interval of 5 to 30 feet of
white, highly calcareous silt, silty sand,
clay, and limestone. This interval is readily
recognizable in most of the project area by
its white color and geophysical log
characteristics (fig. 2.3.1.5-1); it served as a
useful field marker bed during drilling
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operations. This unit, informally called
“the white bed,” is believed to correlate
with the “lower yellow bed” of the
outcrop section north of the project area
(see sec. 2.3.2). A minor lignite occurs in
the southern part of the project area in
about the middle of the F-interval. This
lignite seems to be laterally equivalent to a
sandy body just south of the plant site (pls.
1 and 3).

The unsplit Flignite ranges in
thickness from 2 feet, in the southern part
of the project area, to about 10 feet in the
north (fig. 2.3.1.6-2). Where it is split, the
F-lignite is 1 to 3 feet thick in the north
and 3 to 5 feet in the west. The G-lignite is
1 to 10 feet thick (fig. 2:3.1.6-3).

2.3.1.7 H-Lignite Interval

The H-lignite interval is generally
about 20 feet thick (fig. 2.3.1.5-1). It
consists almost entirely of silt and clay.
The H-lignite ranges in thickness from 3 to
9 feet; it has a mean thickness of about 4
feet (fig. 2.3.1.7-1). The relatively major,
closely spaced F and Hlignites form a
prominent geophysical log marker
throughout the project area, informally

called “the double coal” (pls. 1, 2, and 3).

2.3.1.8 I-Lignite Interval

The Ilignite interval is generally
composed of silt, but clay is also an
abundant constituent (fig. 2.3.1.5-1; pls. 1,
2, and 3). Sand occurs in two types of
deposits. In the northern part of the area,
several beds that range in thickness from
about 10 feet to 20 feet are traceable for 2
to 3 miles (pL 2). Two thick, narrow, linear
bodies occur near the top of the interval in
the southern part of the project area; one
extends from Dunn Center to just north of
the plant site and a second lies at the
extreme southern end of the project area
(fig. 2.3.1.5-1, pl. 1). The Linterval varies
in thickness from 60 to 150 feet (fig.
2.3.1.8-1). The mean thickness is about
100 feet. Four or five minor lignite beds
occur approximately evenly spaced in the
interval throughout the project area. The
I-lignite is thickest in the northern part of
the project area, where it is 6 to 10 feet
thick (dg 2.3.1.8-2). In the southern part
of the project area, it is as thin as 2 feet.
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2.3.1.9 J-Lignite Interval

The J-lignite interval consists
dominantly of silt (fig. 2.3.1.5-1, pls. 1, 2,
and 3). It contains significant amounts of
clay and minor sand. The sand is limited to
beds about 10 feet thick except in the
extreme southern part of the area and
north of the project area where sand beds
as thick as 50 feet make up the entire
interval (pls. 1 and 2). The J-interval
contains two widespread minor lignite
beds. The thickness of the interval varies
from 40 to 60 feet. It has a mean thickness
of about 50 feet. The J-lignite, the
arbitrarily defined basal unit of the
Sentinel Butte Formation, has a mean
thickness of 8 feet throughout the project
area (fig. 2.3.1.9-1). It splits into two and
possibly three minor be(fs at the northern
edge of the project area.

2.3.2 Sentinel Butte Formation—Little
Missouri Badlands Qutcrop Area

During the summer of 1975, Stancel
studied the stratigraphy of the Sentinel
Butte Formation in badlands exposures
along the Little Missouri River north of the
project area. He mapped the entire section
from the reservoir to the upland surface
along about 20 miles of exposure on both
sides of the valley (pl. 4).

The mapping was begun by sketching,
from a distance, all of the readily visible
characteristics of each outcrop.
Observation points were located
overlooking exposures on south-facing
bluffs. The bluff was studied through
binoculars and sketched on a plane-table
sheet. A topographic map at a scale of
1:24 000 and contour interval of 20 feet
was used to locate and estimate the height
of the section. The cross sections that were
drawn in the field and depicted on plate 4
are projections into two dimensions of
exposures that, in some cases, extend as
much as a mile in the third dimension.
Only rarely do the cross sections represent
one continuous exposure. After sketching
the exposure, sections were measured in
each outcrop and correlated with the
sketch. In this way, a series of cross
sections were constructed across the entire
area (pl. 4).

Several units served as marker beds




APawW | reIwW RO/ RBRW ROEW ) RBYW

VI EHee

c.l.z20'

o 4 2 3
™ ] MILEB
1 e a3

) KILDMETERS

ALLICAY

BNV

rmaw [ Reaw amaw [ peaw rReaw | neaw

Figure 2.3.1.6-1 Map of the thickness of the F-interval in the Dunn Center area.

RABawW | AW ReIAW ) RRaw ABAW | RRI1\W

it

; F-LIGNITE
/////. ERODED
c..,= 2

o h & e ]

— e MIILES
(= I - - ]

T d K ILOMETERS

L

1
nALLIDAY

Aeaw | reow

Figure 2.3.1.6-2 Map of the thickness of the F-lignite in the Dunn Center area.

0S



RE4W | RBIW RE3w ) RERW B RERW ) RETW

{

c.i.z-2!

o 1 a 3
— T el NILES
o1 & a

el KILOMETERS

/
e st

\
q . 8.5 . TR . = o | ]
' /i o won
| yracn . g . L i o

RAPIW) Reaw ROEW | RETW

cir=-2'

o _1 a2
;,‘H; MiLES
I - )
! < ILOMETEGS

MR
[Taae 4
TrasnN <+
3
L |

aesw | RBaw reaw | neaw Auaw I reaw

Figure 2.3.1.6-3 Map of the thickness of the G-lignite in the Dunn Center area.

aeew | Reqw rReaw | reaw Eeaw | opaa

Figure 2.3.1.7-1 Map of the thickness of the H-lignite in the Dunn Center area.




R83W ) RBRW RBaW ) /81w

c.l.=20'

o 1 £

- MILES
o1 e 3

el KILOMETERS

&
92
+

aesw [Reaw Aeaw | peaw Aeaw | reaw

Figure 2.3.1.8-1 Map of the thickness of the I-interval in the Dunn Center area.

REAW, REBIW H.IW' RORW RORW | REMW

resw [ meaw

Figure 2.3.1.8-2 Map of the thickness of the [-lignite in the Dunn Center area.

(4]



R®QW ( R8aIW

FI.JWI neaw

53

AERW ) ARTW

c..=2'

a 1 = a
e MILES
o123

Sl MILOMETERS

rReaw | rasw

Figure 2.3.1.9-1 Map of the thickness of the J-lignite in the Dunn Center area.

through part or all of the study area. The
most extensive are the lower yellow bed
and the Dunn Center bed. The upper
yellow bed—A-lignite combination was also
useful but harder to follow. Other marker
beds are labeled on plate 4.

Coal beds were used as boundaries for
most of the descriptive units. They are
laterally extensive and appeared to be the
most logical break between units. Where
coal beds thinned laterally, the units they
defined could not be differentiated and
were combined. Boundaries of descriptive
units defined on the basis of coal beds also

gave fair, but not complete,
correspondence to interpreted
environmental units. The interpreted

environmental units were determined by
close inspection of outcrop along the line
of measured sections and to a lesser extent
from observation points. Relationships
between the measured sections are
inferential though supported by
observational data where possible. The
criteria for definition OF interpreted
environmental units is given in the
explanation for plate 4. Solid contacts
between these units implies confidence in
the position of the boundary; lack of a
contact or a dashed contact implies less
confidence in the position of the boundary.

In this area, the Sentinel Butte
Formation can be subdivided into two
thick units on the basis of gross lithologic
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characteristics. The lower unit consists of
thin cyclic units. Individual beds are
generally 3 feet or less thick; cycles are
approximately 18 to 30 feet thick.
Although silt is the dominant lithology,
clay is abundant. Lignite beds are common
and generally less than 3 feet thick. Each
cycle generally begins with a thick,
oxidized, brownish sand or silt unit that
comprises the bulk of the cycle. This unit
grades upward into unoxidized silt and clay
that is generally grayish. The clay is
generally overlain by a thin lignite bed or a
“smutty” organic clay. The top of the
cycle is generally a sharp contact with the
overlying oxidized silt or sand. The lower
unit of the Sentinel Butte Formation is
drab colored but varegated; colors
alternate between various shades of gray,
blue, green, brown, and yellow.

The upper unit consists of thicker
bedded, less clearly cyclic units. Individual
beds are commonly about 10 feet thick.
The sediment is generally coarser, with
sand and silt the dominant lithology; clay
occurs only rarely. Lignite beds are %eyw and
thick, generally from 9 to 15 feet thick.
The co%or of the upper unit is much more
uniform than the lower unit. It is somber,
drab brown and gray.

The position of the contact between
the upper and lower units of the Sentinel
Butte Formation is not clearly defined. It is
cither at the position of the Dunn Center
bed or the lower yellow bed which
corresponds to the white bed in the
F-interval. The subsurface data indicate a
general change from thicker bedded units
m the C, B-, A, Dunn Center, and
Eintervals to thinner bedded units in the
F-, H-, I-, and J-intervals.

Only one unit, the Dunn Center bed,
is continuous, without break, in the
badlands area. Most of the major sand
bodies either overlie or are overlain by this
lignite bed (pl. 4).

The lower yellow bed is nearly
continuous throughout the badlands area
and is the main stratigraphic marker bed
used in surface mapping. It is generally
calcareous silt, although, in some places, it
is sandy or clayey. It is buff yellow in
color, highly calcareous, and forms smooth,
soft, vegetated slopes. The lower yellow

bed is generally bounded by lignite beds,
the Elignite above, and the F-lignite,
below. The lower yellow bed varies in
thickness from 6 to 30 feet.

The upper yellow bed is similar in
appearance and character to the lower
yellow bed but can be identified only in
the western third of the badlands area. The
A-lignite at the base of the upper yellow
bed is generally burned out in the eastern
part ofg the area forming a conspicuous
“scoria.” The upper yellow bed is less than
15 feet thick in the badlands area but
thickens markedly to the west of Lost
Bridge.

Many of the beds in the badlands
outcrop area have been correlated with
beds in the subsurface to the south. Plate 2
shows this correlation through sections 9
and 10 of the surface section (pl. 4). On
the basis of these correlations, the
stratigraphic terminology of the subsurface
section has been extended into the surface
exposures. Eastward from the Little
Missouri Public Use Area (Voight Bay), the
I-lignite occurs at a 6- to 10-foot bed that
outcrops just at reservoir level (1850 feet)
to about 30 feet above the reservoir. The
lower yellow bed, which lies at an elevation
of about 2000 feet along the entire length
of the outcrop area, about 150 feet above
the reservoir (pl. 4), is correlated with the
white bed in the F-interval. The Dunn
Center bed, which is generally burned out,
lies between 2100 and 2200 feet. The A-,
E-, F-, and H-lignites were also recognized
in the outcrop area (pl. 4).

2.4 Relation of Geology
to Projected Activities

2.4.1 Possible Geologic Hazards

Potential geologic hazards associated
with the project include surface subsidence,
landsliding, and erosion. None of these
potential hazards is considered serious.

2.4.1.1 Surface Subsidence

In certain limited areas, especially
along Spring Creek, underground mining of
lignite has produced undermined areas.
Many of these areas are known and pose no
threat. It, however, has been shown by
experience in other areas in North Dakota,




such as the Indian Head Mine at Zap, that
the actual extent of such underground
workings is in some cases greater than the
known extent. Where construction or
traffic over such areas of undermined land
occurs, subsidence may cause damage to
structure or equipment and may pose some
threat of injury.

The possibility exists that surface
subsidence might occur as a result of
solution of deeply buried beds of salt. We
believe that the probability of such
subsidence is extremely low, but we do not
know how to actually assess the
probability. An examination of all the
structure maps and maps of thickness of
the various intervals above the Pierre
Formation indicates a pattern of continued
subsidence and sedimentation along an
east-northeast-trending belt extending
across the center of Mine Area No. 1. An
area of extremely abrupt change in
elevation of the Dunn Center in secs 35 and
36, T145N, R93W located along this trend
is believed to be the result of such
subsidence (fig. 2.2.3-1). The timing of this
subsidence is unknown. It post-dates the
deposition of the Dunn Center bed, but
there is no stratigraphic evidence to
indicate a2 more recent time marker. It is
clear from stratigraphic evidence and
geomorphic evidence in Saskatchewan that
similar solution subsidence has occurred
within the last 10,000 years (Christiansen,
1967, 1971). The presence of minor
seismic activity along the solutional edge of
the Prairie Formation in north-central
North Dakota indicates that solution
subsidence is actively occurring in North
Dakota at the present time (S. B.
Anderson, personal communication).

In summary, there exists, in small
areas, a probability of surface subsidence as
a result of collapse of abandoned
subsurface mines and an extremely low
probability of subsidence from salt

solutions.

2.4.1.2 Landsliding

Under existing climatic conditions,
natural slopes within the project area are
stable. It seems probable that natural slopes
should remain stable under the range of
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climatic conditions foreseeable in the
project area. North of the project area in
the Little Missouri badlands, landslides are
active on many of the slopes. The sliding is
generally associated with groundwater
discharge at the base of slopes where coal
beds or sand beds outcrop. Slumping is not
occurring on the slopes south of the project
area along the Knife River valley. Slopes of
less than about 30 percent are stable under
resent climatic conditions; active
dsliding is occurring on slopes greater
than about 30 percent. Slope stability
appears to be greater on the drier
south-facing slopes than on the wetter
north-facing slopes.

Two types of potential problems
caused by instability of slopes are
anticipated as a consequence ofP project
activities. The first involves creation of new
slopes or altering existing slopes by
removing material at the base of the slope
or by loading the top of the slope. This
type of slope failure will be a potential
problem primarily in areas ofp mining
activity. As such, it should pose problems
which will be met by routine engineering
procedures of the mining ofperation.

The second type of slope stability
problem will occur if construction of
housing is undertaken in the badlands
north of the project area. The topografzhic
setting, wooded slopes, and scenic overlook
of the badlands should make this area a
very attractive location for residential
development. Much of this area is
undergoing active landsliding at present.
During extended periods of greater
precipitation associated with cyclic changes
in climate, landsliding activity will be
increased. Any cutting and filling to
increase the area of flat land on which to
construct houses and roads on badlands
slopes will create steeper slopes and
increased slope loading. Both of these
changes will tend to increase instability of
slopes and increase the probability of
faj.ﬁue. The inherent instability of slopes in
the badlands must be considered in any
proposed construction in this setting.
Failure to consider slope stability can result
in serious loss of property and threat to

safety.
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2.4.1.3 Erosion

Under present climatic conditions,
most of the project area is stable. In some
small areas of loose sand such as the
NW¥isec 25, T144N, R94W, active wind
erosion is occurring. Stream erosion is
generally limited to very steep gulleys in
the badlands north and south of the project
area. Very local, extremely heavy rainf:
events such as the storm in the north end
of the project area on the morning of June
30, 1975, when 4 inches of rain fell in one
hour, can produce considerable sheet flow
erosion on plowed fields and gulleying
along watercourses that are normally
stable.

It has been shown that a decrease in
precipitation produces an increase in
erosion on hﬂF slopes in western North
Dakota {Hamilton, 1967; Clayton, Moran,
and Bickley, 1976). It appears that the
decreased precifpitation results in a decrease
in the degree of vegetative cover so that the
runoff, although decreased, is far more
effective at eroding sediment. The
diminished vegetative cover of mine spoils
and newl rec%aimed lands will make them
susceptibK& to erosion and will require the
application of engineering procedures to
prevent erosion. This increased
susceptibility to erosion will be even
further increased in the event of an
extended period of low rainfall.

2.4.2 Reclamation

The overburden has been subdivided
into large stratigraphic units that are
bounded by the major coals, the A-, B-, and
Clignites. Each of these intervals has been
further subdivided into lithologically
defined units that have been mapped
throughout Mine Area No. 1 and extended
into the remainder of the project area
where feasible (figs. 2.3.1-1, 2.3.1-2). These
units are briefly described in the discussion
of stratigraphy of the Sentinel Butte
Formation (sec. 2.3). Core sample analyses
from the overburden are summarized by
Moran and others (1976) on a unit by unit
basis. The capability of each unit that was
sampled to meet the requirements of
suitable plant growth material as set forth
in the Rules and Regulations for

Reclamation of Surface Mined Lands of the
North Dakota Public Service Commission
was discussed (Moran and others, 1976, p.
115-126). The suitability of the various
units are here summarized in figure 2.4.2-1.
The factors affecting the capability of
material to meet the criteria of suitable
plant growth material are briefly discussed.
For a more comprehensive treatment the
reader is referred to Moran and others
(1976) and especially Moran, Groenewold,
and Cherry (1977).
Five variables that affect the chemical
groperties of the overburden material have
een isolated. (1) The first is the
composition of the material. The higher the
clay content of the sediment, the greater
the tendency for the material to be sodic.
The higher the sand content, the less likely
for it to be sodic. It is not clear whether
there is a relationship between clay content
and salinity. (2) The second factor is
variation in the geochemical environment
at the time of deposition. Although the
effects of this variation have not been
recognized in the overburden, it seems
reasonable that clay deposited in one
setting should have different chemical
characteristics from clay deposited in
another setting. (3) The third variable is
proximity to the land surface. This factor
interacts complexly with the fourth
variable and is by no means an independent
variable. The primary result of proximity
to the land surface is the release of ionic
species from the sediment by weathering.
In the absence of water
movement,proximity to the land surface
would result in an increase in salinity
(ECE) and probably a change in SAR,
either an increase or a decrease depending
on the composition of the material. (4) The
fourth variable, the direction of water
movement in the subsoil and soil, interacts
with the second to modify the original
composition of the material. In areas of
infiltration, where water is moving
downward to recharge the groundwater,
the result of weathering and water
movement is to create a flushed zone from
which ions have been removed. This
generally results in low salinity and SAR.
In areas of exfiltration, where water is
moving upward from groundwater
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discharge and then evaﬁorating, a zone of
concentration, in which salinity and SAR
tend to be high, is created. (5) The fifth
variable is the position of the material in
the groundwater-flow system. It has been
long recognized that the chemistry of water
changes as it moves through a groundwater
flow system. The salinity increases and the
relative amount of sodium increases with
distance and time of travel. This same

relationship appears to hold in the
chemistry of overburden materials.
Materials near the input end of

%roundwater-ﬂow systems appear to retain’
0

w salinity and SAR to considerable
depths. On the other hand, materials
farther down gradient in flow systems have
generally high salinity and SAR.

3.0 SUBSURFACE HYDROLOGICAL
AND GEOCHEMICAL SYSTEMS

3.1 General Conditions

Of the various types of geologic
materials that occur in the project area and
elsewhere in the region, only bedrock units
of lignite or relatively clean sand, and
Quaternary units of sand or gravel have
potential of being significant aquifers. All
other units, composed of materials such as
silt and clay or relatively silty or clayey
sands or gravels are aquitards. In the
aquifers, the velocities of groundwater flow
are normally expected to ire in the order of
feet per year to feet per day. In the
aquitards, the groundwater velocities are
expected to be in the order of feet per
decade to feet per million years.

The major regional aquitard in the
project area is the Pierre Formation, which
has an extremely low hydraulic
conductivity as a result of its high content
of montmorillonitic clay. The rate of
groundwater flow through this formation
has been estimated to be less than a few
feet in a million years (Fletcher, 1974). We
consider the top of the Pierre Formation,
at a depth oﬁP about 1800 feet below
ground surface in the project area, to be
the maximum theoretical depth of
significant locally-influenced groundwater
movement in this area. In a later section of
this report, field data are presented which

indicates that the actual maximum depth
of locally influenced groundwater
movement is less than 500 feet.

Except for shallower aquifers in the
Sentinel Butte Formation, generally at
depths less than 500 feet below ground
surface, there is only one major regional
aquifer that extends beneath the Dunn
Center area. This aquifer is referred to as
the Fox Hills-Hell Creek aquifer. It is
composed of relatively clean sand, with
thicknesses in the Dunn Center area ranging
from about 190 to 300 feet. The top of
this aquifer occurs at depths of 1218 to
1752 feet below ground surface. Croft
(1973), in a study of Mercer and Oliver
counties located east of Dunn County,
presents a map of the potentiometric
surface of the aquifer in this area, which
indicates that the main direction of
groundwater flow in this aquifer is from
west to east. Based on evidence presented
later in this report, we estimate that the age
of the groundwater in the Fox Hills-Hell
Creek aquifer beneath the project area is
many thousands or possibly tens of
thousands of years old. The water in the
aquifer probably enters the system in the
outcrop areas in the extreme southwestern
part of North Dakota. The aquifer is
generallfy capable of vyielding several
tens of gallons per minute to properly
constructed individual wells.

Little is known specifically about the
aquifer occurrences and groundwater
conditions between the Fox Hills-Hell
Creek aquifer and the base of the Sentinel
Butte Formation. Although most of this
interval is composed of silt and clay beds,
there are several sand units many tens of
feet thick and some coal beds as much as
20 feet thick. In the project area there are
no farm or municipal wells in this interval.
During the fall of 1975, an attempt was
made by a well driller to obtain water
supply for the town of Dunn Center at
depths below the Dunn Center bed. The
ho?e was eventually extended to the Fox
Hills-Hell Creek aquifer, because none of
the shallower potential aquifers below the
Dunn Center Ecd showetii potential yields
in the order of several tens of gallons per
minute. This well is the only water suppl
well in the entire project area at a deptK



below 400 feet.

Data available indicated that the
general groundwater conditions in the
project area were characterized by (1)
primarily horizontal groundwater flow in
the sand and lignite aquifers in the bedrock
and in the sand and gravel aquifers in the
Quaternary valley fill, and (2) by primarily
vertical groundwater flow through the silt,
clay, and dirty sand aquitards that extend
as relatively horizontal layers in the
bedrock and as aquifer confining beds or

interbeds in the valley fill.
3.2 Methods of Investigation

Since delineation of the stratigraphy is
the crucial prerequisite step in the study of
the groundwater-flow system and
groundwater chemistry, it was necessary to
insure that adequate field data for
stratigraphic interpretations were obtained.
For this purpose, down-hole geophysical
probes for measurement of electrical,
nuclear, and physical borehole parameters
were used on a routine basis at all major
test sites. To provide relatively large
borehole samples so that the physical and
chemical properties of the various
stratigraphic units could be obtained from
laboratory tests, core samples were
collected from representative zones in
selected boreholes.

To determine the hydraulic
conductivities of the main aquifers and
aquitards, four types of tests were used: (1)
single-well response tests (Hvorslev, 1951),
(2) pumping tests, (3) permeameter tests
on core samples, and (4) injection tests in

acker-isolated intervals in uncased
Eoreholes. Each of these four techniques
has its strengths and weaknesses, and each
deals with hydraulic conductivity on a
different scale. More reliable estimates of
the representative conductivities for the
various stratigraphic units can be obtained
by combining data from the four tests.

The configuration of the main water
table and the distribution of hydraulic head
in the Sentinel Butte Formation and in
parts of the valley £l systems were
determined using an observation well
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network consisting of clusters of wells,
referred to as nests, at numerous
observation sites. Each nest consisted of
between 2 and 7 individual wells in
separate boreholes at different depths. At
each nest the vertical distribution of
hydraulic head was monitored. From the
areal network of nests, the
three-dimensional patterns of hydraulic
head were determined.

The observation wells were installed
so that water could flow into the well
screens only from relatively narrow
specified stratigraphic intervals. The
borchole segments above the well screens
were sealed to prevent leakage from other
sources. For simplicity these installations
will be referred to as wells rather than as
plezometers.

The chemistry of the groundwater was
determined by making ﬁeﬁ measurements
of the pH and specific conductance of
water samples collected from the
observation well network, from North
Dakota Water Commission wells, and from
farm wells. In the water quality laboratory
at UND, samples were analyzed for total
dissolved solids, major ions, and nitrate.
Minor constituent and trace element
analyses were made on a much smaller
number of samples. The purpose of the
well water analyses was threefold: (1) to
define the general water quality of the
significant aquifers in the Sentinel Butte
Formation, (2) to obtain information on
the water chemistry produced from natural
leaching of infiltration water that has
passed through various types of overburden
materials, and (3) to define water
chemistry patterns that can be used as an
aid in groundwater source area and flow
pattern interpretations.

To obtain estimates of the source
areas and ages of groundwater in some of
the aquifers, samples from observation
wells and farm wells were analyzed for
their natural concentrations of oxygen
isotopes, tritium, carbon-14, and
carbon-13. These isotopes have been used
as tools in subsurface hydrological studies
in many parts of the world and have often

been found to be very useful.
The methods used in the subsurface
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Table 3.3.1-1. Comparison of values of hydraulic conductivity of lignite.

K (Pum Test)b

Single-Well K (Single-Well

Well Response Test ~ Pump Test Response) Packer Test
NDSWC 4794-¢ 2.16x10-3 2.65x10-2 12.27
NDSWC 4794-f 9.90x104 2.64x10°2 26.67
NDSWC 4794-g 7.21x104 2.54x1072 35.23
NDSWC 4794 (e, f, g) 1.32x10-3% 2.61x10-2 19.77
NDSWC 4794 (a, b,d)  1.45x10-22 6.08x10°1 41.19
UND 75-2-4 7.2 x1042 2.52x104 0.35
UND 75-17-2-3 1.29x10-3 3.14x10-3

2Value estimated from regression analysis of relationship between hydraulic conductivity and depth.
YRatio of hydraulic conductivity determined by pumping test to the hydraulic conductivity determined by single-well

response test.

hydrologic investigation are briefly
outlined in chapter 5 of this report. For a
more complete discussion the reader is
referred to Moran and others (1976). The
location of wells utilized to obtain
hydrologic data is given in figure 3.2-1.

3.3 Hydraulic Conductivity Measurements

3.3.1 Lignite

The hydraulic conductivity of lignite
aquifers was determined by 78 single-well
response tests and 3 pump tests. The
single-well response test values ranged from
1.8 x 102 to 1.4 x 106 cm/sec; the pump
test values ranged from 6.2 x 1071 to 2.5 x
10 cm/sec; and a single packer test value
was 3.14 x 103 em/sec.

Table 3.3.1-1 shows the comparison
of values of hydraulic 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
conductivity and depth that is discussed
below, From these data, it is evident that in
five of six cases the pump test value is from
1 to 1.5 orders of magnitude greater than
the single-well response-test value. Since
long-term pumping tests are generally
considered to give accurate values of
hydraulic conductivity and because the
values of hydraulic conductivity
determined by single-well response tests are
probably minimal for reasons discussed by

Moran and others (1976, p. 154-160), the
values of hydraulic conductivity used in
calculations have been corrected to
corresponding pump-test values by
multiplying 1.2 x 101,

On the basis of data both from the
pump testing (fig. 3.3.1-1) and single-well
response testing (fig. 3.3.1-2), there appears
to be an inverse relationship between depth
and hydraulic conductivity. Although only
three pump-test values are available, they
strongly suggest that the log of the
hydraulic conductivity of lignite decreases
by 2.47 per 100 feet of depth. This is a
decrease in hydraulic conductivity of
nearly 2.5 orders of magnitude every 100
feet. The coefficient of determination, 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 slope of the
regression 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 (fig. 3.3.1-2)
also strongly suggest a depth control on
hydraulic conductivity. The log of the
hydraulic conductivity decreases by 0.37
per 100 feet. This is a decrease of 1 order
of magnitude every 300 feet of depth.

These conclusions are consistent with
the fact that permeability in lignite is
entirely fracture permeability. These
relationships result from an increase in the
number and size of joints and bedding
partings in the lignite as the thickness of
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cover over the lignite decreases. Further
analyses are needed to determine whether
the permeability is controlled by depth of
bural, thickness of cover removed by
erosion, thickness of glacial cover, or some
other factor that has affected the loading
history of the region during the geologic
past.

3.3.2 Sand Aquifers in the
Sentinel Butte Formation

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, and
3 permeameter tests. The hydraulic
conductivity of sand beds ranges from
abour 2 x 102 to 5 x 106 cm/sec with
most values falling in the range from about
2 x 10°3 to 2 x 105 cm/sec. There seems
to be a decrease in hydraulic conductivity
with depth, although this trend is weaker
than for the lignite aquifers. The one pump
test value from the E-interval is above the
mean of the single-well response-test values
for sand in the same interval. The
permeameter-test values are all low.

3.3.3 Confining Beds in the
Sentinel Butte Formation

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 10
permeameter tests. The values ranged from
106 to 108 cm/sec, with most values lying
between 5 x 107 and 10-8 cm/sec. Two of
the single-well response test values are in
the range 5 x 107/ to 10-6. At least one of
these wells, UND 75-55-1, has not yet
reached static level, so the draw-down
figures used to calculate the hydraulic
conductivity are too small. As a result, the
actual hydraulic conductivity is smaller
than the presently calculated value.

3.4 Porosity

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

ains that comprise sediments such as
gravel, sand, silt, or clay. Fracture porosity
is a measure of the voids that occur because
of fractures, joints, bedding planes, or
solution channels. The term “effective”
porosity refers to the porosity that involves
voids that are effective in transmitting
fluids. In other 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 range of
0.2 to 0.4. Effective fracture porosities of
fractured or gointed rock are normally in
the range 1074 to 10-3.

Data on the effective porosities of
deposits in the Dunn Center area were
obtained from laboratory tests on relatively
undisturbed core samples and from
pumping tests in the field. The laboratory
data for samples of sand, silt, and clay are
reported by Moran and others (1976, app.
C-X). Except for one sample with a
porosity of 0.24, the values are within the
narrow range of 0.30 to 0.43 and are
Erobably representative of the non-lignite

eds in the Sentinel Butte Formation.

In terms of hydraulic properties, the
porosity of interest for the lignite beds is
the fracture porosity, since it is this
porosity that re?ates to the effective storage
of drainable groundwater from these beds.
The porosity of the lignite beds in the
Dunn Center area is assumed to be about
the same as the storage coefficient, from
102 to 5 x 10-.

3.5 Aquifers and Aquitards

3.5.1 Coleharbor Formation

The sediments of the Coleharbor
Formation constitute important aquifers
and aquitards in the project area. The areas
of thin deposits of pebble-loam that cap
uplands (fig. 2.1.10-1) are generally
aquitards. The low hydraulic conductivity
of the sediment prevents rapid movement
of water. In addition, these areas are
generally high enough in the landscape that
they are in the unsaturated zone and
contain no water even where hydraulic



conductivity is higher.

The sediments filling the valleys
constitute both aquitards and aquifers.
Sand and gravel, which generally constitute
less than iralf the thicﬁness of the valley
fill, are aquifers. Silt, clay, and pebble-loam
are aquitards.

The distribution of thick deposits of
Coleharbor Formation that contain aquifer
material is shown in figure 3.5.1-1. In most
of the area, the distribution of these
materials is clearly limited by conspicuous
surface valleys. However, in an area
immediately southeast of Dunn Center, in
secs 3 and 4 of T144N, R94W, sec 31 of
T145N, R93W, and sec 36 of 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 of T144N, R94W (fig. 3.5.1-1),
but lost it in sec 3. The deep valley
continues north or west by three possible
routes. One meanders north out of section
3 into section 31; the second trends more
or less straight northwest from section 3
into section 36 and then on toward Dunn
Center; the third trends southwestward
from section 3 into section 4. The first
route is a narrow 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 of
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 drilling that would have indicated the
location of the extension of the valley was
precluded bY problems of access to the
appropriate locations. For several reasons
we believe that the valley extends
northward from section 3 into section 31
through the narrow dissected valley. The
meander geometry of the val.ﬁ;y is
consistent with the pattern of this outlet
and its extension across the valley of Spring
Creek. On the other hand, the
northwestern route is very straight; the
southwestward route through section 4 is
not ruled out on this basis. The steep
gradient of the potentiometric surface in
the Coleharbor Formation (fig. 3.5.1-2)
through the possible southwestern route
suggests that only fine-grained material is
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present in the sag, which is inconsistent
with the nature of the valley fill. The
northern route is also favored by the buried
valley that enters the Spring Creek valle
immediately east of Dunn Center, whicﬁ
can best be continued as the northward
extension of the same valley.

The fill within the buried valleys is
complex. The basal unit in the valley fill is
sand and gravel (figs. 3.5.1-3, 3.5.14,
3.5.1-5, 3.5.1-6, 3.5.1-7). A layer of clayey
pebble-loam overlies this, and in some
places, is overlain by lacustrine clay (fig.
3.5.1-6). One or more layers or lenses of
sand and gravel occur within the
pebble-loam. In man laces, the
pebble-loam extends to tKe Emd surface
(figs. 3.5.1-3, -4, -5); in others, the
pebble-loam is overlain by another unit of
sand or sand and gravel (figs. 3.5.14, -5, -6,
-7). This upper unit of permeable material
is generally discontinuous (fig. 3.5.1-5). In
some places, it is overlain by silt and clay
that probably consists of lake sediment and
sediment of alluvial fans washed into the
valley from adjacent slopes (figs. 3.5.1-5,
6,-7).

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 method.
The values ranged from 2.30 x 104 cm/sec
to 2.95 x 10-2 cm/sec with a mean value of
6.59 x 10-3 cm/sec (fig. 3.5.1-2). These
values are considered representative only of
the finer-grained portions of the permeable
valley fill and are ielieved to be too low for
much of the material for three reasons. (1)
In several wells, water level recovery was so
rapid that cither no drawdown was possible
during pumping (Moran and others, 1976,
E. 154-160) or recovery was complete

efore measurement was possible
(approximately 15 to 30 seconds following
cessation of pumping). In either case, the
hydraulic conductivity at these wells is
much greater than any values measured. (2)
The upper limit of hydraulic conductivity
that can be measured using the well
installation procedure that was employed
for this project is about 5.5 x 102 cm/sec
because of the size of the sand pack used
(Moran and others, 1976, p. 151-154). The
procedure was designed for the lignite and
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fine-sand aquifers of the Sentinel Butte
Formation rather than for the more
permeable valleyfill sediments. (3)
Long-term pumping tests in valley-fill
deposits in Mercer County, east of the
project area, indicate hydraulic
conductivity values of 3.0 x 101 cm/sec
(Croft, 1973, p. 57, 61). There is no reason
to believe that these values are not
tepresentative of the more permeable
portions of the valley-fill deposits in the
project area.

Hydraulic conductivity of the upper
permeable unit of the valley fill was
determined at eight sites using the
single-well response test method. The
values ranged from 2.37 x 10-3 cm/sec to
2.67 x 102 cm/sec with a mean value of
6.54 x 10-3 cm/sec (fig. 3.5.1-8). For the
reasons outlined in the previous paragraph,
these values are believed to represent
minimum values for the unit.

Hydraulic conductivity of confining
beds in the valley fill was determined at six
sites, two sites in pebbleloam and four
sites in silt, using the single-well response
test method. The values ranged from 7.49 x
10-3 cm/sec to 7.60 x 1073 cm/sec for the
pebble loam and from 2.28 x 10# cm/sec
to 5.03 x 104 cm/sec for the silt (fig.
3.5.1-8).

The distribution of values of
Fotentiometric head in the
ower-permeable unit of the valley fill is
contoured in figure 3.5.1-2. Values in the
confining beds and in the upper-permeable
unit are also shown. The marked separation
in values of potentiometric head between
the upper and lower units (fig. 3.5.1-2)
indicates that the two units of permeable
material are effectively isolated from one
another by the intervening layer of
pebble loam and clay.

3.5.2 Overburden Aquifer-Aquitard System

The hydraulic characteristics of the
C-, B-, and A-intervals and lignites and the
Dunn Center interval are considered here.
The distribution and thickness of each of
these intervals are shown in figures
2.3.1.2-1, 2.3.3-1, 2.3.4-1.

The C-interval is apparently
unsaturated in the western outcrop area, in
Mine Area No. 1, and is not an aquifer. In
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the eastern outcrop area around Horse
Nose Butte, the Clignite and possibly sand
in the lower part of the C-interval are
saturated and do yield water to wells. The
hydraulic conductivity of the C-lignite was
determined to be 1.29 x 10-3 cm/sec at
well 17-2-3 using a single-well response test
(fig. 3.5.2-1). Much of the Cinterval is
fine-grained silt and clay and may serve as
an aquitard. However, because much of the
interval is unsaturated, fracturing of the
fine-grained material is probably common.
Core samples revealed f{r)acturing in only a
few cases. In the Underwood-Falkirk area,
about 80 miles east of the project area,
however, fracturing was commonly
observed (Moran) in cores cut in similar
settings. If fracturing of the fine-grained
material is common, as we assume, then the
Ciinterval probably readily passes water
downward to lower aquifers.

The B-interval and lignite are
saturated and yield water to wells in the
eastern outcrop area around Horse Nose
Butte. The B-lignite and therefore,
presumably, the B-interval appear to be
unsaturated in the western outcrop area.
The hydrologic properties of this unit are

robably similar to the C-interval and
Egnite. A single value of 1.2 x 10™ cm/sec
for the hydraulic conductivity of a core of
fine sand from the B-interval (fig. 3.5.1-8)
was determined by the permeameter
method.

The A-interval and lignite are
saturated and provide water to wells
throughout the project area. The hydraulic
conductivity of sand in the A-interval was
determined at three sites using the
single-well response test method. The
values ranged ffr)om 1.76 x 104 cm/sec to
1.19 x 102 cm/sec (fig. 3.5.1-2). The
hydraulic conductivity of the A-lignite was
determined at ten sites using the single-well
response test method and by four
observation wells at the site of a single
long-term pumping test conducted by the
North Dakota State Water Commission
(Moran and others, 1976, app. C-VIII). The
values from the single-well response test
ranged from 1.09 x 104 cm/sec to 1.82 x
10-2 cm/sec with a mean of 9.98 x 10-3
cm/sec (fig. 3.5.2-1). The values from the
pump test ranged from 5.79 x 10-1 to 6.25
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x 10°! cm/sec (fig. 3.5.2-1).

Figure 3.5.2-2 is a map showing the
distribution of values of hydraulic
conductivity in the A-lignite.

Although much of the A-interval is
sand and therefore acts as an aquifer, parts
of the A-interval contain fine-grained
material in some areas. Where saturated,
the fine-grained material of the A-interval
serves as an aquitard. The hydraulic
proEerties of this part of the A-interval is
probably similar to the underlying Dunn
Center interval.

The Dunn Center interval is generall
saturated and yields water to we]f;
especially in the northern part of the

ARgaw 1 33w

project area where it is thick and contains
considerable sand (pl. 2). In other areas,
especially through t]ge center of the project
area, in Mine Area No. 1 where it is thin
and fine-grained, the Dunn Center interval
serves as an aquitard (pl. 1). Five values of
hydraulic conductivity have been
determined, two by the single-well response
test method and three by the permeameter
method. Values of hydraulic conductivity
range from 1.7 x 107 to 1.86 x 103 for
very fine sand, to 4 x 106 for silty sand
and 2.4 x 10-8 for clayey silt (fig. 3.5.1-8).

3.5.3 Dunn Center Bed
The Dunn Center bed is an aquifer
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Figure 3.5.2-2 Map of the distribution of values of hydraulic conductivity, in em/sec (x10%), in the A-lignite, in the Dunn
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throughout the project area and many wells
are completed in it. The hydraulic
conductivity of the Dunn Center bed, as
determined in 19 single-well response tests,
ranges from 1.49 x 10-5 cm/sec to 8.07 x
102 cm/sec with a mean of 1.38 x 10-3
cm/sec (fig. 3.5.2-1). Four determinations
of the hy?raulic conductivity were made in
a long-term pumping test conducted by the
North Dakota State Water Commission
(Moran and others, 1976, app. C-VIII).
These values ranged from 2.47 x 102 to
2.65 x 1072 cm/sec. Figure 3.5.3-1 is a map
of hydraulic conductivity in the Dunn
Center bed.

3.5.4 Lower Part of Sentinel
Butte Formation

The interval from the base of the
Dunn Center bed to the top of the Bullion
Creek Formation is treated here together
because of the general similarity of both
the hydrologic characteristics and the
similar interbedding of aquifers and
aquitards.

The principal aquifers in the lower

art of the Sentinel Butte Formation are
E.gnite beds. In some places, sand beds in
various intervals are capable of applyin

small quantities of water to wells. A sa_ng
body in the E-interval in the middle of
Mine Area No. 1 appears to be such an
aquifer. This body trends east-northeast
from site 19 through site 28 (fig. 3.2-1, pL.
3). A similar sand body is recognized
trending east-southeast through the Dunn
Center Municipal well and site 14 at the
top of the I-interval (fig. 2.3.1.5-1, 3.2-1,
pl. 3). This sand body is about 0.5 mile
wide and as much as 60 feet thick.
Throughout most of the project area,
however, the intervals of clastic sediment
between the lignite beds are composed of
fine-grained sediment that serves as an
aquitard.

The hydraulic conductivity values of
lignite and sand aquifers as well as
aquitards in the lower part of the Sentinel
Butte Formation are summarized in figures
3.5.1-8 and 3.5.2-1. As was discussed
above, the hydraulic conductivity generally
decreases with increasing depth. Figures
3.5.4-1, -2, and -3 summarize the hydraulic
conductivity values of the major, potential
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lignite aquifers in the lower part of the
Sentinel Butte Formation.

3.5.5 Bullion Creek Formation—Upper Part

No wells are completed in this interval
in the project area, and very little is known
of its Eydrologic properties. It consists of
thin beds of fine-grained to very
fine-grained sand and lignite interbedded
with silt and clay.

The hydraulic conductivity of both
sand and lignite beds is probably low,
although a value of 1.74 x 104 cm/sec was
determined for one sand bed in the interval
by the single-well response method (fig.
3.5.1-8).

3.5.6 Bullion Creek
Formation—Middle and Lower Part

This interval is similar to the upper
part of the formation with the addition of
several thick sand units throughout the
interval and two thick lignite beds, the M-
and N-lignites, at the top of the interval.
No producing wells are completed in this
interval in the project area. A single-well
response test on an observation well
completed in the M-lignite and a thick sand
immediately overlying it gave a hydraulic
conductivity of 1.42 x 106 cm/sec (figs.
3.5.1-8, 3.5.2-1). This value, which must be
considered the maximum for the two beds,
suggests that little water could be produced
from this well. Three similar compfetions in
the underlying N-lignite and a thick sand
overlying it indicate the same conclusion.
Hydraulic conductivity values on these
wells ranged from 5.48 x 106 cm/sec to
469 x 10 cm/scc. A fourth well
completed in the N-lignite gave a value of
1.02 x 1073 cm/sec (fig. 3.5.2-1).

3.5.7 Cannonball Formation

No hydrological data are available on
the Cannonball Formation. However, on
the basis of the data presented above,
inferences about these properties can be
drawn with considerable confidence. The
dominant lithology of the Cannonball
Formation in the project area is clay or
silty clay. On the basis of permeameter
tests presented above the hydraulic
conductivity of these materials is no greater
than 10-8 cm/sec and it may be less. The
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sand or silty sand beds that make up the
remainder of the formation are proEably
similar to those in the Jower part of the
Bullion Creek Formation and can be
expected to have hydraulic conductivity no
higher than 105 cm/sec. On the basis of
these inferences, we consider it highly
likely that the Cannonball Formation is a
significant regional aquitard that isolates
the overlying and underlying aquifers from
one another.

3.5.8 Ludlow Formation and
Hell Creek Formation—Upper Part

Nothing is known of the hydrologic
properties of these formations. Because
they consist of sediments very like the
Sentinel Butte and Bullion Creek
Formations and because of the great depth
of burial, they are probably aquitards. On
the basis of the relationship between depth
and hydraulic conductivity that was
established above, the lignite beds should
have very low hydrau%ic conductivity
certainly no higher than 105 or 10°6
cm/sec. The sand beds may have hydraulic
conductivity values similar to those in the
lower part of the Bullion Creek Formation,
10-5 to 106 cm/sec.

3.5.9 Fox Hills Formation and
Hell Creek Formation—Lower Part

This important regional system has
been extensively studied immediately to
the east of the project area in Mercer
County (Croft and Wesolowski, 1970;
Croft, 1973, p. 17-19, 25-35). It consists of
two or three sand bodies that are 20 to 50
feet thick in the lower part of the Hell
Creek Formation and upper part of the
Fox Hills Formation. Several wells north of
the project area, along the Little Missouri
River valley, are completed in this interval.
All of these wells flow. The municipal well
in Halliday is completed in this interval.
Two additional municipal wells were drilled
to the Fox Hills-Hell Creek aquifer during
the summer of 1975, one in Dunn Center
and the other east of the project area at
Dodge. Neither of these wells was
completed at the time field studies were
terminated so no new information on the
hydrological properties of the aquifer is
available. Croft (1973, p. 27, 29) reported

that hydraulic conductivity ranged from
7.2 x 104 cm/sec to 4.73 x 10-3 cm/sec.
The aquifer in the project area consists of
about 60 to 100 feet of sand in an interval
of about 150 feet. Below this is another
100 to 150 feet of silt of the Fox Hills
Formation that does not serve as an
aquifer.

3.5.10 Pierre Formation

No new information on the
hydrologic properties of the Pierre
Formation has been developed during this
study. It consists of montmorillonitic clay
and is believed to have a very low hydraulic
conductivity, probably at {,east as low as
10-10 cm/sec. The low hydraulic
conductivity and great thickness of the
Pierre Formation make it a very effective
aquitard that isolates the aquifers in the
Fox Hills Formation from permeable beds
lower in the section.

3.6 Groundwater-Flow Systems

3.6.1 Introduction
The interpretation of the groundwater-
flow systems is based on the stratigraphic
framework presented in section 2.3, the
hydraulic conductivity data presented in
section 3.3, and on numerous other types
of information including well-inventory
data, water-level data from the UND and
Water Commission wells, analyses of the
isotopes, 180, 3H, 13C, and 14C in well
samp}i)es, groundwater chemistry data, and
observation of surface features influenced
by groundwater seepage. The first part of
the flow system discussion presents the
terminology and conceptual framework of
oundwater- flow systems, followed by a
%lrow system interpretation based on
geologic and physical hydrologic data. This
interpretation is then evaluated and
expanded upon using the isotope data and
then the water chemistry data. The final
step in this section is an overall summary of
the flow system characteristics. Although it
has been appropriate in this section of the
report to have some discussion of the effect
of surface water on the groundwater
regime, most of the materiaFron surface
water-groundwater interactions has been
included in section 3.9.



3.6.2 Terminology and
Conceptual Framework

Subsurface flow systems consist of
two main components: the unsaturated
zone and the groundwater zone. The
unsaturated zone is above the water table
and the groundwater zone below the water
table. In practical terms, the water table is
the level to which water will rise in wells
placed just below the top of the zone that
has positive pore-water pressure. Above the
water table the pore water is under negative
pressure; below the water table all pressures
are positive. In this report, water in the
unsaturated zone is referred to as soil
moisture, although it may occur in the
solum (the upper few feet that supports
plant life) or in the underlying relatively
unweathered geological materials. In some
hydrogeological situations more than one
water table occurs; in other words there
can be a vertical sequence of saturated and
unsaturated zones. These situations are
generally not common, and when they do
occur there is usually one permanent water
table that extends as a continuum across
the area with one or more minor
discontinuous, transient water tables above
it. These will be referred to as perched
water tables. The unsaturated zone
contains moisture, but because this water is
under negative pressure (commonly
referred to as suction) wells installed in this
zone will be dry. Following periods of very
heavy or long rainfall or rapid snow melt,
downward infiltration of water from the
ground surface into the unsaturated zone
can cause part or all of this zone to become
saturated under positive pressure for short
periods of time as infiltration occurs, but it
is normal to regard this within the context
of flow in the unsaturated zone rather than
the groundwater zone.

Before proceeding with discussion of
subsurface Eow systems in the Dunn
Center area, it is necessary to define four
additional terms: recharge area, discharge
area, infiltration zone, and exfiltration
zone. The first two terms refer to the
nature of the water table zone, and the
second two refer to the unsaturated zone.
If groundwater flow has an upward velocity
component at the water tab?e, even if this
component of the flow direction (vector) is
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small compared to the horizontal
component, the area is referred to as a
discharge area. If there is a downward flow
component, it is a recharge area. Through
the unsaturated zone in a recharge area, the
net long-term flux of water is downward.
This is called an infiltration zone.
Unsaturated zones in discharge areas have a
net long-term flux upward and are referred
to as exfiltration zones. In some areas,
entry or exit from groundwater flow
systems occurs directly from the surface
environment, at locations where the

oundwater zone is joined directly to
akes, streams, marshes, sloughs, or ponds.
In areas not affected by volcanic or
geothermal activity, all groundwater and
soil water is derived from rain and snow.
The term groundwater age refers to the
time that has gone by since the water
infiltrated from the surface environment
into the subsurface flow system.

3.6.3 Regional Water Table

The depth to the water table and the
elevation of the water table are shown in
figure 3.6.3-1 and -2. Except in major
topographic lows the permanent water
table in the area is relatively deep, ranging
between about 30 to 70 feet below ground
surface in most of the area. In the major
topographic valleys, which are generally
areas underlain by the Coleharbor
Formation, the water table is at shallower
depths and in some places, such as at Lake
Ilo, the water table intersects the
surface-water regime.

During test drlling, the apparent
moisture conditions of the interior of larger
cutting samples were noted along with the
state of the borehole in terms of water loss.
This information provided a rough estimate
of the depth to the water table. In many
cases, the geophysical logs were a good
indicator o% the water table depth. With
these types of information it was Feasible at
many sites to install a well in the
groundwater zone very close to the water
table. The water levgs measured in these
wells are then a close measure of the actual
water table. In some cases the uppermost
well at a well nest remains dry even though
tests show that the well is not plugged.
These dry wells are therefore above the



RBAW | RE3W AS3W | RBEW RERW | RE1W

c.i.:2ag'

o 1 2 3

I el MILES
01 2 3

el KILOMETERS

Tiasn

WERNER

NOoSs

Resw | Regw Raaw | apaw RE3W | ReaW

Figure 3.6.3-1 Map of the depths to main water table in the Dunn Center area.



R84AW | RE3IW REB3IW | ASRW

REBW | REI1W

c.1.:20'

01 8 3

a 1 2 3
T el MILES
el KILOMETERS

il

rResw | Raaw reaw | peaw Reaw | Reaw

Figure 3.6.3-2 Map of elevation of regional water table in the Dunn Center area.

83




84

water table. In several cases, wells were set
above what appeared to be the permanent
water table to determine whether
unsaturated zone or perched water table
conditions occur. In preparation of figures
3.6.3-1 and -2 the contours between data
points that were used are based on
appraisal of the topographic setting,
information from well drillers logs, and the
stratigraphic setting. During the period of
observation well measurement (August
1975 to February 1976) the water table
levels varied by less than a few feet at
nearly all observation sites. The map is
based on representative data for this
period.

The available subsurface data indicates
that perched water table zones are
relatively insignificant in nearly all of the
study area. At the drill sites where cores
were taken from above the permanent
water table (fig. 1.4-2), visual examination
of the cores indicated that saturated,
positive Eore-water-pressure conditions
were probably not present.

There is one area, however, where
evidence suggests that a significant perched
water table zone occurs. It is located
beneath the upland area between the valley
at the proposed plant site and the Spring
Creek valley. Its occurrence is suggested by
water level data from the wells at sites 5
and 14 which indicate that there is a water
table in the A-lignite at site 14. The
regional water table in this area is probably
caused by silt and clay beneath this lignite
aquifer. The silt and cf;y aquitard would be
expected to severely restrict downward
seepage into the sand aquifer below. With
restricted vertical recharge and higher
lateral outflow from the sand aquifer,
much of the aquifer would remain
unsaturated.

3.6.4 Hydraulic Head Distribution

The water level data from wells in the
Sentinel Butte and Bullion Creek
Formations has been grouped for
presentation into seven maps: (1) the
A-lignite (fig. 3.6.4-1); (2) the Dunn Center
bed (fig. 3.6.4-2); (3) the E-interval
including the E-lignite (fig. 3.6.4-3); (4) the
F- and G-i_ntervz?]:1 including the F- and
G-lignites (fig. 3.6.4-4); (5) the H-interval

including the H-lignite and the upper part
of the I-interval (fig. 3.6.4-5); (6) the
J-interval including the J-lignite and the
uppermost part of the Bullion Creek
Formation (fig. 3.6.4-6); and (7) the M-
and N-ntervals including the M- and
N-lignite and the lower part of the Bullion
Creek Formation (fig. 3.6.4-7). These maps
present water level data from the UND
observation wells (fig. 3.2-1) and selected
inventory wells. Inventory wells with both
high quality drillers logs, which permitted
identification of the stratigraphic position
of the intake zone, and reliable water level
data were used. The units that were
grouped on each map were selected on the
basis of apparent hydrologic consistency of
the data, hydrologic importance of the
intervals, and adequate geographic
distribution of data points to provide a
meaningful hydrologic picture.
Considerable data are available from other
units, such as the Dunn Center interval and
the A-interval; but it has not been
summarized on maps, both because it lacks
adequate geographic distribution being
largely concentrated in small areas and
because it adds little meaningful hydrologic
data not shown in maps of overlying or
underlying units.

Figures 3.6.4-8 and 3.6.4-9 show the
hydraulic head levels along cross sections of
A-A’ and B-B’ which traverse north-south
and ecast-west through the study area.
Figures 3.6.4-10, 3.6.4-11, 3.6.4-12,
3.6.4-13, and 3.6.4-14 show the hydraulic
head values along local cross sections in and
near valley fill areas. In the interpretation
of this data, the regional trends are
discussed first, and then some of the local
features are considered in more detail.

Figures 3.6.4-8 and 3.6.4-9 indicate
that with the exception of the valley fill
zones and shallow zones in some of the
other lowlands there is 2 dominant trend of
decreasing hydraulic head values with
greater depth below ground surface. This
i)ro%ressive downward decrease in water
evel from well to well is shown, for
example, by the seven wells at UND site
75-30. The water table well, which is 35
feet deep, had a water level of 2240.5 feet.
Farther below ground surface the water
levels were lower in each successively
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deeper well. The well at 411 feet below the

ound surface had a water level of about
2126 feet. The deepest well at the site,
which is 970 feet deep had a water level of
about 2037 feet.

In general, the lowest hydraulic head
values occur in the middle and lower part
of the Bullion Creek Formation where they
range from about 2040 feet to less than
1960 feet (fig. 3.6.4-7). All head values in
aquifers and aquitards above the I-interval
are greater than 2060 feet. In these zones,
most water levels are above 2100 feet.

Although very little data is available in
the Dunn Center area, regiona.lly, it appears
that the pattern of decreasing hydraulic
head with increasing depth is reversed in
the Fox Hills-Hell Creek aquifer. Hydraulic
head values in wells drilled into these
aquifers are generally very near the land
surface and, in many areas, are
considerably above the land surface. These
hydraulic head data support the conclusion
of section 3.5.7 that the Cannonball
Formation serves as a regional aquitard that
effectively isolates the aquifers in the Fox
Hills and Hell Creek Formations from those
in the Bullion Creek and Sentinel Butte
Formations.

The Little Missouri River valley cuts
down through the Sentinel Butte
Formation to just below the I-lignite. The
Knife River valley extends down to about
the interval of the H-lignite. The trend of
deeper water levels in g:eper wells in the
Sentinel Butte Formation is caused by the
drain effect of the Little Missouri and
Knife River valleys on the layered sequence
of lignite aquit);rs. The Little Missouri
valley, of course, exerts the strongest effect
because it cuts much deeper into the
aquifer-aquitard system. The regional drain,
the Missouri River about 80 miles east of
the project area, is responsible for the still
lower heads in the Bullion Creek
Formation. Inspection of the
potentiometric maps (figs. 3.6.4-1 to -7)
suggests that the influence of local
topography on the potentiometric surfaces
generally decreases with increasing depth in
the stratigr?hic system. The
potentiometric surface of the A-lignite (fig.
3.6.4-1) is controlled by the locjnoutcrop
positions of this aquifer, the local

topography, and the structure of the bed.
In general, the potentiometric surface
reflects the position and shape of the main
topographic uplands in the area. The

otentiometric surface of the Dunn Center
Eed (fig. 3.6.4-2) is a relatively complex
surface influenced by the position of the
main uplands, the intersection of the bed
with the valley fill deposits, and the
structure of the bed. The Spring Creek
lowland is strongly reflected in the
potentiometric surface in the central part
of the study area.

The potentiometric surface of the
E-interval (fig. 3.6.4-3) has an appreciable
eastward slope with some significant
distortions caused by the influence of the
Spring Creek lowland and a few but not all
of the major topographic uplands. It is
somewhat surprising that the
potentiometric surface for this aquifer does
not show a strong northward slope toward
the Little Missouri valley in the northern
half of the area and a general slope
southward toward the Knife River lowland
in the southern part of the area. Although
the number of data points are sparse in
much of the area, it appears that the Spring
Creek lowland and other topographic
trends are a major influence.

The drain effect of the Little Missouri
and Knife River valleys, along with the
Spring Creek lowland, are strong influences
on the potentiometric surface of the F-G
interval and the potentiometric surface of
the H-interval and upper part of the
l-interval (figs. 3.6.4-4 and 3.6.4-5).

Although the number of data points is
insufficient for development of an
extensive piezometric surface map, ﬁgu_re
3.6.4-7 suggests that the influence of the
Knife River lowland on the hydraulic head
distribution in the middle and lower
Bullion Creek Formation is not very
significant and that the influence of the
Little Missouri River valley is much weaker
than on aquifers in the Sentinel Butte
Formation. This would be expected since
the middle and lower parts of the Bullion
Creek Formation are much below the
bottoms of these two valleys.

The only hydraulic head values from
the observation well network that may
appear inconsistent in terms of the trends



established from the rest of the well data
were obtained from the 329-foot well at
UND site 6. This anomaly shows up
strongly on figure 3.6.4-8 where it is
evident that the water level elevation of
2148.4 feet in this well in the H-lignite is
more than 20 feet above the water levels in
this aquifer in wells to the southeast at
UND sites 13 and 32 and to the north at
UND site 9. The water level is also much
higher than the levels in wells in the F- and
E-lignites above the anomalous zone and is
much higher than the levels in the J-lignite
below. The anomaly is therefore a zone of
high hydraulic heac{ which has no apparent
basis fgr explanation. Chemical data, which
are presented below, indicate that osmotic
processes are not the cause. The validity of
the water level data from the well was
checked on two occasions by partially
dewatering the well and observing the level
return to the original 1geve1. A
500-foot-deep well that was installed in a
stratigraphic testhole during the early part
of the drilling program and subsequently
ruptured was drilled out and then the hole
ﬁ]ﬁad with grout to insure that the borehole
could not cause vertical connectivi
between aquifers. Inspection of the well
installation and completion record for the
wells at site 6 indicates that the wells have
good sand packs and grout seals. At the
present time the most reasonable
explanation for the anomalously high head
va.lll).les in the 329-foot well at this site
involves the presumption that the H-lignite
aquifer in this area is well connected
hydraulically to zones of high head to the
west. This interpretation has been used in
preparation of the potentiometric surface
shown in figure 3.6.4-4 which has a stron
eastward slope across the northern part o%
the study area. A similar connection b
means of a narrow 60-foot thick sand body
in the upper part of the l-interval is known
to be responsible for anomalously high
head values in the H-lignite at UND site 5.
It is also possible, although we consider it
unlikely, that the high head value results
from a break in the well in the sand above
Dunn Center bed somewhere above 139
feet, where another well in the nest
indicates a head of about 2144 feet.
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3.6.5 Flow Patterns and Velocities

Groundwater moves in response to
total head gradient, which is the combined
effect of mechanical, chemical, and thermal
energz gradients. However, it can be shown
that because of the low temperature and
concentration gradients in groundwater
regimes such head at any point in the flow
system is a measure of the mechanical
energy per unit mass of the water at that
point. Groundwater flows in the same
general direction as the hydraulic head
gradient, but because of directional
properties of the permeability, the flow
may be at some angle less than 90 degrees
to the gradient rather than parallel to the
gradient. This directional effect of
permeability on the flow line is referred to
as anisotropy. Because the degree of
anisotropy in the aquifers and aquitards in
the study area is not known, and, because
local variations in texture and structure of
the aquifers and aquitards can cause
deviations and distortions in groundwater
flow paths, flow lines have not been drawn
on the piezometric maps and cross sections.
In a few areas where clear hydraulic
gradient trends are particularly evident,
interpretations of the general groundwater
flow directions have been indicated on the
diagrams by small arrows. It should be kept
in mind that these flow direction indicators
do not account for whatever anisotropic or
local textural or structural features may be
present in the system. It should also be
noted that on the cross sections, the flow
direction indicators can only suggest the
component direction of flow in the plane
of the cross section, and that in some areas,
the dominant component is in some other
plane, since the flow system is a
three-dimensional entity.

Below the Dunn Center bed and in
some areas above it, the groundwater flow
pattern in the bedrock is characterized by
primarily vertical flow in the aquitards and
mainly Klteral flow in the lignite and sand
aquifers. As indicated previously, the
hydraulic-head values decrease with depth
at most sites, which in the stratigraphic
setting of the Dunn Center area indicates
that ﬁow across the aquitards is generally
downward. A major exception to this
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generalization occurs beneath the Spring
Creek lowland where the flow in the
aquitards in the F- and E-interval is upward
as illustrated in figure 3.6.4-8.

The occurrence of lateral-flow
aquifers between vertical-flow aquitards
can be considered at least
semi-quantitatively in terms of flow rates
and mass balance considerations, Lateral
seepage fluxes (volume per unit time) and
average velocities (distance per unit time)
are evaluated using some representative
values for hydraulic gradient and hydraulic
conductivity. Considering the lignite
aquifers, representative lateral hydraulic
gradients are in the range of 5 to 50 feet
per mile in most parts of the groundwater-
flow system. At shallow depths the lignite
aquifers have hydraulic conductivities
generally in the range of 102 to 104
cm/sec, with a trend toward lower values in
the deeper lignites. To calculate some
representative %:teral seepage flow values
for lignite-aquifer flow, the Darcy equation
can be used

q=-KA grad h

where q is the groundwater flux, K is the
hydraulic gradient, A is the cross sectional
area through which the flow occurs, and
grad h is the hydraulic gradient. For
calculation purposes it will be assumed that
the lignite has an effective thickness of 15
feet. With these input values, the Darcy
equation yields lateral flux values between
0.004 to 4 ft3/day per foot width of
aquifer. The result is obviously very
sensitive to the 2 order of magnitucﬁa range
of hydraulic conductivity values used as
input values.

Except for areas where the uppermost
lignite aquifer is close to ground surface, or
zones where the aquifers are in contact
with permeable valley fill sediment of the
Coleharbor Formation, the lignite aquifers
are fed by vertical seepage water from
overlying, and in some cases, underlying
aquitards. For purpose of illustrative
calculation of the vertical flux through
aquitards into the aquifers, the followin
parameter values will be used: K=10-
cm/sec, grad h=0.2, These values produce a
vertical flux of 5 x 10-3 ft3/day per square
foot of aquitard. With this vertical leakage
flux a 1-foot-wide strip of aquitard as much

as several miles long would be required to
provide sufficient leakage to account for all
of the lateral aquifer flux calculated above
(ie., as much as 4 ft3/day per foot width
of aquifer). Since aquitard conductivities
can_typically range from about 105 to
109 cm/sec, and the vertical gradients in
the aquitards commonly range from about
1 to 1, it is evident that the vertical
aquitard leakage at any particular location
could be orders of magnitude different
than the result calculated above for
illustrative purposes. The calculation does
serve to indicate, however, that even
though the aquitard leakage is small on a
Fer square foot basis, over a large area, the
eakage is capable of supplying the
quantities of lateral aquifer seepage that
appear reasonable based on field
measurements of head gradients and
hydraulic conductivities. Except for the
shallowest lignite beds, such as the A- and
B-lignites, which have been dissected by
erosion, the lignite aquifers and many of
the sand aquifgeI;s extend for many miles,
and, in some cases, many tens of miles,
where vertical aquitard leakage supplies the
aquifers with water. In terms of flow
continuity, aquifer zones that receive water
om above through aquitard leakage

nerally lose water to underlying aquitards
y downward leakage and discharge water
laterally towards the discharge areas along
the major valley slopes. It also should be
kept in mind that the flow from the
deposits of the Coleharbor Formation in
the valley fill provides some lateral source
water to the lignite beds that abut against
the buried valley walls. At greater depths
where the lignite aquifers have lower
hydraulic conductivities, less vertical
aquitard leakage is required to maintain
input and output flow continuity.

Further understanding of the nature
of the groundwater flow regime in the
Sentinel Butte Formation can be obtained
from an analysis of the average flow
velocities in the aquifers and aquitards. For
this purpose the Darcy equation will be
used in the following form:

v=_? grad h

where v is the average linearized interstitial
groundwater velocity, hereafter referred to




simply as the groundwater velocity, n is the
effective porosity, and the other terms are
as previously defined. Using the same
aquifer conductivity and gradient ranges as
in the previous aquifer flux calculation,
with an assumed effective porosity range of
10°2 to 103, vyields a calcufated
groundwater velocity range of 0.03 to 300
ft/day, which indicates that relatively high
velocities probably occur in some parts of
the lignite aquifers. Velocities can be high
in aquifers with fracture porosity even
though the seepage flux is not high
because, as indicated by the Darcy
equation presented above, the velocity is
proportional to the reciprocal of the
{)orosity. Although no actual field or
aboratory measurements of the effective
fracture porosity of lignite aquifers in the
study area have been obtained, the range of
102 to 10-3 appears to be reasonable in
light of data on fractured rock from other
areas.

A similar type of calculation for the
aquitards, using a hydraulic conductivity
range of 107 to 109 cm/sec, gradient
range of 0.1 to 1, and a porosity of 0.3
yields a calculated velocity range of 10-3
ft/day to 106 fi/day (1 ft in 1000 days to
4 ft in 10,000 years), which indicates that
vertical flow through the aquitards is
generally very slow, and even negligible,
when viewed in terms of a2 human time
scale. Since the stratigraphic studies
indicate that many of the silt and clay
aquitards are extensive across the area, and
since the hydrologic studies indicate that
vertical leakage through aquitards is
probably a major source of water supplying
many of the coal and sand aquifers, it is
expected that much of the aquifer water is
very old, even in some aqui?er zones that
are not far below ground surface.
Considering the range of velocities of
vertical flow in aquitards calculated above,
it is reasonable to expect much of the
axéuifer water to be hundreds or thousands
of years old. The topic of groundwater
circulation rates and ages will be discussed
further in the section dealing with isotope
studies.

The only way that groundwater could
move much more rapidly between the
lignite aquifers would be in situations
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where sand aquifers provide hydraulic
connection between the lignites. Since the
sand aquifers in the Sentinel Butte
Formation are mainly channel sands that
are irregular in pattern and thickness, very
detailed stratigraphic and hydrologic
information would be required in order to
delineate interaquifer connection zones. On
the basis of existing data, however, it is
evident that hydraulic connectivity
between major lignite aquifers below the
Dunn Center Bed is very uncommon,
except of course between the F- and
H-lignites which are generally separated by
only a thin intervj in the central and
northern part of the study area and are
joined in the southern part of the area.

3.6.6 Recharge and Discharge

The main discharge areas for aquifers
in the Dunn Center area occur along the
valley slopes of the Knife River and Lake
Sakakawea, in the valley of Spring Creek
and at some locations where lignite aquifers
extend near ground surface or outcrop. A
somewhat surprising situation is that the
floors of the valleys with major valley fill
deposits, such as occur in the vicinity of
the proposed plant site and at UND sites 26
and 27, do not appear to be discharge areas
even though the water table in these areas
is relatively close to ground surface.

Comparison of the water table
elevation map (fig. 3.6.3-2) with the
regional topographic map (fig. 1.2-2)
indicates that areas of highest water table
are the main topographic uplands. These
areas must there(gofre also be regional
recharge areas even though the general
thickness of the unsaturated zone is
relatively large. The spatial and temporal
characteristics of the infiltration events
that cause the recharge that maintains the
regional water-table highs cannot be
delineated on the basis o]? existing data. It
is reasonable to expect, however, that most
of the recharge occurs in the local
depressions that occur in the upland areas
and particularly in local depressional areas
underlain by sand or lignite rather than silt
or clay. As a result of wind action, snow
tends to collect in the local depressions,
providing more opportunity for significant
infiltration during the spring snow-melt
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period. It is likely that only the most
intense or long rainfall events cause
sufficient infiltration to produce recharge
to the water table zone. These rainfall
events can cause surface runoff that results
in accumulation of surface water in the
local depressions. This would be expected
to produce deep-penetrating infiltration at
locations where the combination of soil
conditions, permeability of geologic
materials, and local topography is
favorable. Even though the areas of
regionally high water-table elevation are
extensive in the study area, it is likely that
the areas in which infiltration actually
passes through the unsaturated zone in
these so-called regional recharge areas are
relatively small and that the frequency of
recharge occurrence is low. Even where
recharge occurs in local depressions in the
regional uplands, it appears that to cause
recharge the infiltration generally must pass
through several tens of feet of unsaturated
zone %)eforc encountering the water table.
The thick unsaturated zone combined with
the normally low annual rainfall, high
potential evapotranspiration during the
summer months, and frozen soil conditions
during the winter months are characteristic
features that would cause low frequency of
recharge events. Almost all of the water
that falls on the ground surface as rain and
snow is returned to the atmosphere by way
of direct evaporation from the land surface
or by evapotranspiration from plant roots
that collect water that infiltrates into the
soil but does not penetrate below the root
zone. Further comments on groundwater
recharge based on isotope data are
presented below.

Since the available data indicates that
the frequency and areal extent of
groundwater recharge is small and that in
extensive upland areas the regional water
table is much above the major topographic
lows that cross the area, it is necessary to
conclude that the flow of groundwater
away from the recharge areas, either
laterally or downward, is very sluggish. In
other words, the conditions of low input
and low output maintain the extensive
areas of regionally high water table. Since
the water table slopes and downward
gradient components are not small, the

cause of the sluggish flow conditions must,
in general, be the permeability distribution.

3.6.7 Flow in the Valley Fill

The hydrogeologic conditions through
locations in partially buried valleys where
there are significant numbers of
observation wells are shown in figures
3.6.4-10 to -14. These figures indicate that
the hydraulic heads in wells in the valley
fill are generally deeper in deeper wells at
each nest, indicating that the floors of the
valley are recharge areas. The second major
trend indicated by these figures is that the
head values in the valley fill are generally
greater than the local head values in the
Sentinel Butte aquifers that intersect the
valley walls or that extend beneath the base
of the valley fill. In other words, at these
locations where there are wells in the valley
fill and in the adjacent bedrock such as in
the vicinity of the proposed plant site (figs.
3.6.4-10, 3.6.4-11) at UND sites 26 and 27
(fig. 3.6.4-13) and near Lake Ilo (fig.
3.6.4-14), the hydraulic head data indicate
that groundwater tends to flow from the
valley fill into the bedrock aquifers.
Whether or not the actual quantity of
water moving from the valley ‘}11] into the
bedrock aquifers is very significant cannot
be determined from the information shown
on the cross sections. It should be noted
that although, in general, the major valley
floor areas are recharge areas, there is
groundwater discharge at many locations
along the valley side slopes wKere lignite
aquifers outcrop.

A review of figure 3.5.1-2 shows that
the principal direction of flow in the valley
fill materials is along the valleys.
Groundwater divides in the valley fill
sediment are broad and do not necessarily
correspond to surface water divides. For
example, in the valley that underlies the
proposed plant site, the surface water
divide between Spring Creek and the Knife
River is the northern part of sec 27,
T144N, R94W, but the groundwater divide
appears to be in the southern part of sec 8,
T144N, R94W, almost 3 miles northwest of
the surface water divide. Flow in the valley
fill in the northern part of Mine Area No. 1
appears to be generally toward Spring
Creek. In the southern part of the mine




area, drainage is toward the Knife River.
Where léjg]nite beds intersect the permeable
valley- sediments, water is either
recharged to the valley fill from the lignite,
lost from the valley fill to the lignite, or
flows from the lignite to the valley fill and
back into the lipnite de ending on the
relative values of hydraulic head at that
site.

3.6.8 Terminology and Concepts
m Isotope Studies

Samples from selected UND wells,
farm wells, and town wells were analyzed
for oxygen-18, tritium, and carbon-14 and
-13. The purpose of these analyses was (1)
to gain further information about the
sources, flow patterns, and ages of
groundwater in the Dunn Center area, (2)
to establish some base-line isotopic data
that can be used in the future for
comparison with new values when mining
activities are in progress, and (3) to test for
the presence of drill water in observation
wells that may not have been adequately
cleaned. Before proceeding with discussion
of the results of the isotope analyses, some
of the terminology and principles necessary
for interpretation of the data are presented.

Water (H0) 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
approximately 1 and normal oxygen has an
atomic number of 8 and an atomic weight
of approximately 16. In the hydrological
cycle, nearly all water molecules are
composed oty these normal hydrogen and
oxygen components. Some water
molecules, however, are formed partly or
entirely of other isotopes of hydrogen and
oxygen. Hydrogen has two other isotopes
regrred 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 'g; a mass
of 3. 3H is radioactive with a half life of
12.3 years; the other two isotopes are
stable. The isotope of oxygen that is of
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interest here is oxygen-18. In the
hydrologic cycle, the abundant type of
water molecule is, of course, 1H,160. The
molecules HD160, HT160, and H2180
and other combinations occur in only very
small concentrations. For example, in sea
water HD160 and H180 occur in average
concentrations of 320 and 2000 ppm
respectively (Payne, 1972). The isotope
ratios, measured in a mass spectrometer,
are normally expressed in delta units (per
mille) witz notation 61809/, and
6 DO/ 5, based on the definition:

6%/ 50=(R-Rgtandard)/(Rstandard) X 1000

where R and Rggandard are the isotopic
ratios of the sample and standard,
respectively. 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
composition of the oceans.

Based on the SMOW standard, the
180 content of waters in the hydrological
cycle normally range between about 0 and
25 per mille. In inland continental regions
the l]:'ightest values (i.e., the most negative)
are found in snow and the heaviest values
in surface water that has undergone
considerable evaporation. The 180 values
differ for individual rain events depending
on the meteorological history of the vapour
mass from which the rain is derived and on
the temperature of the air mass as the
rainfall is produced. Colder climatic
conditions tend to produce lighter 180
rainfall values. The 180 content of
infiltration water that recharges the
water-table zone of oundwater-flow
systems depends on the 180 content of the
rain or snow that lands on the ground
surface and on the 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 180 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  environment. The 180

content of the water, as it resides in the
groundwater-flow system, remains
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unchanged by chemical or biochemical
processes except in exceptional
circumstances, such as in geothermal areas.
180 can therefore be viewed as a
conservative natural tracer that is
controlled by meteorological factors,
surface evaporation, and recharge
frequency and occurrence. In favorable
circumstances, 180 contents of
groundwater can yield useful information
on the source arcas 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 rélatively high.
The Iarge increase in tritium concentrations
occurred in 1953 because of atmospheric
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 concentration of 1 tritium
atom per 1 x 1038 atoms of hydrogen.

Before atmospheric testing of
thermonuclear devices, rain and snow had
very low tritium concentrations (believed
to have been in the range of 5 to 10 TU;
Payne, 1972) that were produced by
cosmic ray bombardment of nitrogen in the
atmosphere. As a result of the atmospheric
testing, the tritium values for rain and snow
in the interior of North America rose to
peaks above 500 and 1000 TU following
the major tests. By 1967 the annual peaks
had fallen below about 600 TU and during
the past few years have gone down to the
range of 50 to 150 TU. The tritium content
of “groundwater is dependent on the
concentration of the rain or snow that fell
on the ground surface and on the time
elapsed since the water infiltrated below
ground surface. Because the half life of
tritium is 12.3 years, and because the
pre-1953 tritium concentrations were only
5 to 10 TU, concentrations of tritium in
pre-1953 water in the groundwater zone

are now less than 3 TU, which is below the
normal limit of analytical detection.
Samples with tritium levels below the level
of detection are referred to in this report as
having no detectable tritium or, more
simply, no tritium. Tritium is usually a
relatively simple natural hydrologic tracer
to use as an indicator of whether
groundwater was recharged before or after
1953. It is necessary to keep in mind, of
course, that in some zones groundwater is a
mixture of old water and young water and
therefore may have tritium concentrations
that are difficult to interpret.

The other two isotopes used in this
investigation are carbon-13 and carbon-14.
Carbon-14 is a radioactive isotope with a
half life of approximately 5700 years. In
favorable circumstances, the 14C content
of dissolved inorganic carbon extracted
from groundwater samples can be used as a
semi-quantitative indicator of relative age
of groundwater. The stable isotope,
carbon-13, is usually also analyzed as an aid
in the interpretation of the chemical
evolution of the groundwater and in the
interpretation of the 14C data. The
interpretation of carbon isotope data is
normally much more difficult than for
oxygen and hydrogen isotopes because the
dissolved inorganic carbon in groundwater
can be derived from several sources and can
be altered within the subsurface flow
system by a variety of geochemical
processes. It is well known that the
geochemical processes that alter 14C
concentrations in groundwater can be
particularly complex in groundwater-flow
systems within coal beds. Nevertheless, if
due caution is used in the interpretation of
the 14C data, there can be a reasonable
likelihood that some useful hydrologic
information can be obtained.

The carbon-14 analyses used in this
study are presented as a percentage of the

C content of “modern” organic carbon
material. This material was in equilibrium
with natural atmospheric 14C  prior to
increases caused by testing of
thermonuclear devices. Natural
atmospheric 14C is produced by cosmic ray
bombardment of nitrogen. Organic matter,
such as vegetation and organisms in contact
with the atmosphere, has the same l4¢




content as the atmosphere. Water that
infiltrates through the soil zone dissolves
COy produced by oxidation of organic
matter and root respiration and thereby
acquires similar equilibrium 14¢
concentrations in dissolved inorganic
carbon. When the water moves downward
into the water-table zone, the water is no
longer in contact with the l4c
replenishment source. The 14C
concentrations then begin to decrease as a
result of (1) radioactive decay, and (2)
dilution by non-radicactive carbon that
enters the groundwater by dissolution of
minerals through various geochemical or
biogeochemical processes. I% the amount of
dilution by non-radioactive carbon can be
estimated, the age of the remaining carbon
can be estimated from the radioactive
decay equation:
A=QA 2T

where T is the half life (5700 years), t is
time, A is the measured 14C activity in the
sample (as percent modern) and A is the
activity at time zero (modern activity), and
Q is an adjustment ratio. To obtain Q the
effect of dead carbon dilution on the 14C
concentration must be estimated. A
detailed discussion of this parameter is
given by Wigley (1975).

Carbon-13 can be used to estimate the
source of dissolved inorganic carbon in
groundwater (i.e., the car&on occurring in
HyCO3, CO3, and HCO3). This is feasible
because the two main sources of carbon (1)
biogenically generated COj from the soil
zone or oxidation of coal, and (2)
calcite-dolomite dissolution, normally have
very different 13C wvalues, 13cC
concentrations are expressed in per mille
delta units in the same manner as 180
concentrations, except that the standard
used is a marine limestone, referred to as
the PDB standard.

More detailed information on the
principles and applications in isotope
hydrofogy are given by Brown et al (1972)
and Payne (1972).

3.6.9 Hydrologic Information
from Oxygen-18 Data

The results of the 180 analyses of
samples from UND observation wells and
selected inventory wells are given by Moran
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and others (1976, app. C-XI). The 180
values are in the range of -18.9 to -9.2 per
mille. Of the total of 210 groundwater
samples analyzed, 184 are lighter than -14
per mille (i.e., more negative), with the
remaining 26 heavier samples having values
between -9.2 and -13.9. On the basis of
where they 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 the heavy group, represent
groundwater that was recharged from
surface-water sources that underwent
significant evaporation 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
180 (ie., heavier, less negative). In the
hgdrologic setting of the Dunn Center area,
180 values heavier than about -12 per mille
have undoubtedly undergone relatively
strong evaporation, whereas values between
about -13 and -14 represent 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 activities. One of the purposes
of the isotopic studies is to identify wells
that require additional cleaning before they
can be used to provide samples for base-line
water quality monitoring points. The
evaporitic water from the farm wells
indicates surface water seepage, except in
the rare case where faulty well
construction could cause seepage of surface
water down along the well casing into the
well intake zone.

Appraisal of the 180 data and
consideration of the well depths and the
hydrogeologic setting of the wells leads to
the conclusion that the following wells are
strongly contaminated with surface water
used during the drilling and well
installation operations: 2-1, 6-3-1, 17-1,
17-2-2, 19-1. These wells have 180 values
between -11.6 and -9.3. The following wells
are probably moderately or weakly
contaminated: 16-3-1, 16-3-2, 30-3, 46-1.
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Table 3.6.9-1. Comparison of oxygen-18 values for wells in the Dunn Center area that
were sampled twice during 1975.

UND Observation Wells
Site  Well Date 180(0/00 Date 180(0(00}
Location No. No. Sampled  (per millef Sampled  (per mille
146-93-23 CBB 2 8 2 10- 3-75 -10.1 11-13-75 -16.3*
146-93-23 CBB 3 8 3 10- 3-75 -18.9 11-13-75 -18.9
14494-16 BAB 1 26 1-1 8-15-75 -17.3 10-27-75 -17.1
144-94-16 BAB 2 26 1-2 8-15-75 -17.2 10-27-75 -17.1
144-94-16 BBA 2 27 2 8-15-75 -16.9 10-28-75 -17.0
145-93-27 ABC 1 32 1 10- 1-75 -16.5 11- 3-75 -16.3
145-93-27 ABC 2 32 2 10- 1-75 -16.4 11- 3-75 -16.2
144-94-01 BCB 4 55 4 10-24-75 -13.7 11-12-75 -13.7
*Well was pumped extensively using cylinder and pump jack between samplings.
Farm Wells
Sample Date 180(0/00 Date 180(0/00
Location No. Owner Sampled  (per mi]lef Sampled (per mﬂlef
145-93-10 AAC 1 15,38 A. Hanson 5-24-75 -17.2 8-23-75 -17.2
145-93-10 AAC 2 14,39 A. Hanson 5-24-75 -15.9 8-23-75 -15.9
146-93-34 ADD 13,46 G.Buehner 5-24-75 -17.9 8-23-75 -17.8
146-93-35 BCC 12,48 G.Buehner 5-24-75 -17.9 8-23-75 -17.9
146-93-34 ADA 1 11,47 G. Buehner 5-24-75 -16.4 8-23-75 -16.5
146-93-26 CBB 2 9,49 C. Pelton 5-24-75 -14.9 8-23-75 -14.6
145-94-27 BCB 61, 66 Lakello 8-22-75 - 94 10- 8-75 - 9.2
Pump

144-93-14 CBB F71,Cé6 A.Rohde 10- 1-75 -17.5 10- 2-75 -17.3

These wells have 180 values between -13.9
and -13.4 per mille. The conclusion that

indicated first: well 8-3, -18.9 and -18.9;
well 26-1-1, -17.4 and -17.3; well 26-1-2,

these wells are contaminated with drilling
or wash water is based on the fact that
almost all drill and wash water was
obtained from sloughs, streams, or lakes
that had been exposed to evaporation
processes during several weeks or months
prior to drilling use. An example of the
effect of continued well cleaning on a well
contaminated with drill or wash water is
provided by well 8-2 which was sampled
after an initial cleaning stage and yielded an
180 value of -10.1 per miglle and then was
sampled after additional cleaning and
yielded a value of -16.3 (table 3.6.9-1)
which is in the ran of normal
groundwater in the area. Six other wells
that were sampled at two different cleaning
stages and analyzed for 180 gave the
foﬁowing results, with the first sample

-17.1 and -17.2; well 27-2, -16.9 and -17.0;
well 32-1, -16.5 and -16.3; well 32-2, -16.4
and -16.2; well 55-4,-13.7 and -13.7. Since
the analytical precision of the 180
determinations is approximately+0.15 per
mille, the variations in these samples
(where there are variations) cannot be
regarded as significant. It is 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. The few wells that
were identified as being contaminated were
not subjected to further cleaning during the
present study, but it will be necessary to
clean the contaminated wells before new
samples are collected from the well
network as monitoring proceeds.

Four samples t]%at have 180 values




heavier than -12.6 have not been attributed
to contamination. These samples are from
very shallow wells (well 39-2, -10.7; well
43-1, -9.9; well 49-2, -12.5; well 58-2,
-11.4) that were cleaned thoroughly before
sampling. Because the wells were shallow
and because they are located very near
permanent or ephemeral surface water
bodies in areas with downward components
of hydraulic gradient, it is reasonable to
conclude that the natural seepage from the
evaporitic surface water regimes into the
groundwater-flow system is the cause of
the heavy 180 concentrations. The
following samples, which are significantly,
but not strongly, heavier than the normal
groundwater, are also near surface-water
sources and therefore probably result from
natural surface water seepage: well 324,
-13.5, beside Spring Creek; 49-3, -13.3,
near a surface stream; and 46-1, -13.4, near
Lake Ilo. The conclusion that seepage from
Lake Ilo is a significant contributor to the
groundwater zone near the lake is
supported by 180 data from farm wells as
indicated bef’ow.

Only six farm wells have 180
concentrations heavier than -14.0 per mille
(sample nos. 61, 62, 68, 69, 75, 81, ?8).
All of these wells are very near the shore of
Lake Ilo or are along channels near the
lake. The well depths range from 133 feet
(sample 81) to 22 feet (sample 68). Since
the available hydraulic head data from near
Lake Ilo indicates that there is a general
downward trend in the hydraulic gradient
in the vicinity of the lake, the occurrence
of evaporitic water in wells near the lake
corroborates the interpretation that Lake
Ilo is a significant source of groundwater
recharge in the vicinity of the lake. The
occurrence of the evaporitic water in farm
wells greater than 100 feet deep indicates
that seepage from the lake penetrates
relatively deeply into the groundwater-flow

stem. As this lake-derived water moves
3,ong flow paths in the groundwater system
it will mix by mechanical dispersion and
molecular diffusion with groundwater
recharged from other sources. There are
insufficient observation wells and farm
wells in the area to enable the Lake
Ilo-derived water to be traced in the
groundwater-flow system.
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In the discussion presented above, the
180 concentrations of observation-well and
farm-well samples with 180 concentrations
generally heavier than -13 or -14 per mille
were accounted for in terms of seepage
from surface water or contamination from
drill and wash water. In the following
paragraphs the remaining samples that were
analyzed for 180 are evaluated. The results
along the north-south and east-west cross
sections are shown in figures 3.6.9-1 and
3.6.9-2, which include values for many of
the UND wells and some of the farm wells.
The wells that were identified as being
contaminated with drill or wash water were
not included on the cross sections. Some of
the wells on the cross section were not
sampled and analyzed for 180,

The cross sections indicate that,
beneath the progosed plant site, the valley
fill wells have 130 concentrations between
12.5 and -15.9. Additional 180 values in
the valley fill near the proposed plant-site
area are shown along cross section E-E’ (fig.
3.6.9-3), along which only one valley flﬁl
180 value is lighter than -16.1. However, in
the aquifers of the Sentinel Butte
Formation in and near the valley, the 180
concentrations are nearly all lighter than
-16.0 per mille. This general difference
between the valley ﬁ]f values and the
bedrock values is particularly significant
because, as indicated earlier, the hydraulic
head values in the valley fill are generally
greater than in the bedrock in this area. It
can be concluded that the valley fill is not a
major source of water for the bedrock in
this area, because if it were one would
expect to observe similar 130
concentrations. This indicates that the
hydraulic connectivity between the valley
fill and the adjacent aquifers in the Sentinel
Butte Formation is poor, as a result of
permeabili?r constraints.

As indicated previously, some of the
shallow groundwater in the valley fil
deposits in and near the proposed plant
area is evaporitic water derived from
surface water, probably as seepage from the
relatively deep road ditches and from the
small stream that meanders along the valley
floor. The samples from wells in the valley
fill that are in the range of about -14 and
-16 are generally slightly heavier than the
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bedrock samples, probably because of some
mixing of evaporitic water with normal
groundwater, or maybe because the annual
recharge in the valley floor area is more
frequently the result of rainfall. Recharge
from rainfall would generally produce
heavier 180 groundwater than water
derived from snow melt.

The three wells in the valley fill at site
27 are in the range of -17.0 to -18.8 and do
not appear to be significantly different
than 10 concentrations in the nearby
aquifers of the Sentinel Butte Formation.
This lack of difference, even in the very
shallow valley-fill well at this site, is
probably because of the lack of evaporitic
surface-water regimes on the valley ff’oor in
this area. The sloughs north and south of
the site 26-27 area evidently are not
contributing to groundwater that flows in
the vicinity of site 27.

Almost all of the UND and farm wells
that have not already been discussed in
terms of surface water seepage, drill and
wash water contamination, or valley fill
occurrence in the proposed plant site area,
have 180 concentrations in the range of
-15.5 and -17.9. This range typifies what

we will regard as normal groundwater in .

the Sentinel Butte Formation.

Of all the farm wells that were
sampled and analyzed for 180 there are
only two wells with values lower than
-17.9. Both of these wells with values of
-18.0 and -18.6 are located in the relatively
shallow groundwater zone near UND gites 8
and 9 at the northern end of cross section
A-A’ (fig. 3.6.9-1). There are four UND
wells with 180 concentrations lighter than
-17.9. One of these four is located in the
shallow well at site 8 near the two farm
wells mentioned above. This area is an
upland recharge area, and it is reasonable to
expect that the anomalously light 180
valEJes in this area are an indication of
recharge processes contributing water in
this area. Anomalously light 180 values in
groundwater-flow systems are normally an
indicadon of contributions from cold
weather sources, such as spring snow melt
or recharge during cold climatic periods
such as occurred during the Pleistocene
Epoch. Since the shallow groundwater in
the vicinity of site 8 is in a recharge area of
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primarily sandy deposits, it is very unlikely
that this water is Pleistocene in age. This
conclusion is confirmed by tritium data
discussed below. The upland area at the
northern end of the study area has
numerous small topographic depressions
that collect wind-blown snow. These
depressions would be expected to cause
appreciable infiltration during periods of
spring snow melt. Some of the depressions
have permanent sloughs; others have
ephemeral sloughs. Snow melt that
infiltrates significantly below land surface
before warm weather causes appreciable
evaporation will maintain its light 180
values. It is likely that this type of recharge
process supplies the shallow groundwater
zone in the northern uplland. Since there
are no relatively heavy 180 values in this
area, it is very unlikely that much water
from the permanent ponds or the
ephemeral ponds that often persist into the
summer produce much recharge to the
Eroundwater zone. The two anomalously
ight 180 wells are also anomalous with
respect to their water chemistry. This will
be discussed in more detail below. At this
point, the hydrologic significance of the
anomaly is only briefly mentioned. The
water f}r’om these two wells has the lowest
total dissolved solids, calcium
concentrations, and alkalinity of all of the
wells analyzed in the study area. This is
consistent with the interpretation that the
water is derived from recharge of snow
melt in the spring through soil zones that
are not capable OF contributing much larger
amounts of dissolved carbon dioxide to the
water than is already present due to
equilibrium with the above ground
atmosphere. This would be expected to
occur if the water infiltrates as a slug
relatively rapidly through the soil (solum)
when the soil is very ccﬁd or even partially
frozen in the spring. Under cold conditions
there is very little biochemically assisted
oxidational decay of organic matter in the
A and B horizons, which generates carbon
dioxide that produces increased carbonic
acid. This normally causes greatly increased
mineral dissolution, and therefore much
higher total dissolved solids, alkalinity, and
cation concentrations.

The question can be raised as to
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whether or not there is any particular
hydrologic significance to the fact that the
normal groundwater in the study area has
oxygen 80 values in the range of
approximately -15.5 to -17.9 and why
there is much variability of 180 values
within this range within individual aquifers
and with depth in the various segments of
the region. The variability is probably
caused by the multiplicity of
microenvironments, in which groundwater
recharge occurs. It is also likeF; that since
the water in groundwater-flow system
varies in age from very young to many
thousands of years or older, variations in
climatic conditions over this time span have
influenced the 180 concentrations of
recharge water.

In order to obtain a preliminary
indication as to whether or not 180 data
obtained from wells on a single sampling
occasion are tepresentative o% conditions
that occur over significant time periods,
some of the farm wells were sampled on
two, and in a few cases three, occasions
between sspring and fall. The wells with
double 180 analyses are listed in table
3.6.9-1. This table indicates that the
differences between sample results are
almost without exception close to or
smaller than the 0.15 analytical precision
of the 180 determinations. Although the
time periods between sampling are not
long, the results are consistent with the
hypothesis that the groundwater generally
moves slowly, and therefore, if changes do
occur they probably would only show up
over very K)ng periods of monitoring.

3.6.10 Hydrologic Information
from Tritium Data

The results of tritium analyses on 49
farm wells and 9 UND wells are listed in
tables 3.6.10-1 and 3.6.10-2. In the tritium
investigation emphasis was placed on the
farm wells to avoid the possible influence
of contamination by drilf)and wash water.
The general lower limit of detection of
significant tritium concentrations, with the
analytical methods used in this study is
approximately 10 TU, although the exact
limit depends on the time that the sample
is monitored in the liquid scintillation
counter, the efficiency of the counter, and

the background radioactivity levels. In
tables 3.6.10-1 and 3.6.10-2 samples with
apparent tritium concentrations less than
10 TU have been designated as below
detection because, in general,
concentrations below 10 TU cannot be
distinguished with a high degree of
confidence from background radioactivity
levels inherent in the counting procedures.
Values above 10 TU have been reported
with their standard error limits as
determined from the monitoring statistics.
Table 3.6.10-1 indicates that of the 49
farm wells analyzed for tritium, 9 have
concentrations greater than 30 TU, 5 are
between 10 and 30, and the rest are below
detection. As indicated above, tritium
concentrations across the continent and
elsewhere rose dramatically in 1953,
Monthly average tritium values for a
precipitation sampling station located in
Bismarck, North Dakota, are reported by
the International Atomic Energy Agency
(1975) for the vyears 1964 to 1969.
Calculated from these data the weighted
mean annual tritum concentration in
precipitation at Bismarck in 1964 was 2900
TU. The weighted mean annual values
decreased to 377 TU in 1969. From tritium
values for sampling points elsewhere in the
interior of North America, it is estimated
that for the past few years tritium
concentrations in rain and snow in the
Dunn Center area have varied from about
50 to 150 TU. A sample of rain collected in
the area on September 27, 1975, gave a
value of 10219 TU. With this background
information on the tritium variations in
precipitation, the well data from the Dunn
Center area are now interpreted.

The 9 farm wells with tritium
concentrations greater than 30 TU
evidently are located in groundwater zones
where the water is younger than 23 years.
Seven are at depths less than 50 feet below
ground surface and therefore are situated in
the shallowest part of the
groundwater-flow system. The two other
farm wells with greater than 30 TU are at
96 and 130 feet below ground surface. The
130-foot well is very near Lake Ilo. It was
sampled on two different occasions and
gave tritium values of 130 and 15 TU,
which is a large variation. Both samples had
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Table 3.6.10-1. Results of tritium analyses of farm wells in the Dunn Center area that
were sampled during 1975.

Date
) Sampled Well Depth Specific
Location Sample 1975 or Intake Conductance Tritium
(twp-1ge-sec) Number (month/day) Owner Interval (umhos) (TU)*
144-93-23 ADA 2 2 5-23 Rohde, E. 210 2200 16+12**
14592-25 ABA 5 5-24 Town-Halliday 1510-1555 2300 Nil **
146-93-10 BAA 7 5-24 Voight, A. Spring 2100 Nil**
146-93-3 CDD 8 5-24 Voight, A. 1525 2100 Nil**
14693-34 ADA 1 11 5-24 Buehner, Gene 126-137 2000 Nil
146-93-35 BCC 12 5-24 Buehner, Gene 143-165 800 Nil
146-93-34 ADD 13 5-24 Buehnes, Gene 160 900 Nil
145-93-10 AAC2 14 5-24 Hansen, A. 15-30 3100 40+8**
145-93-10 AAC 1 15 5-24 Hansen, A. 8491 1100 13+8**
145-93-10 AAC 1 38 8-19 Hansen, A. 91 1100 Nil
145-92-6 CCC 16 5-24 McMahon, J. 45-58 1000 Ni
145-92-18 CBA 1 19 5-24 Christiansen, A. 40 3000 38+7**
14592-18 CBA 2 20 5-24 Christiansen, A. 180 2700 Nil
145-93-29 BCA 2 22 5-24 Lynch, G. 60-70(f) 1900 Nil
144944 ADA 25 5-24 Iverson Bros. 40-50 1700 Nil
144-94-13 BCB 29 5-24 Hueske, J. 67-105 4900 Nil
144-94-12 AAB 30 5-24 Mjolhus, R. 51-65 2000 Nil
14494-1 BCA 1 32 5-24 Trampe, E. 71-106 2600 Nil
144-94-22 BAA 33 5-24 Skjefte, A. 40-80 5200 Nil
144-94-34 BAB 2 35 5-24 Trampe, B. 97 2900 Nil**
14393-22DCA 1 41 8-19 Hausauer, P, 118-130(f) 1800 Nil**
144-94-24 BDB 45 8-20 Roschild, P.-Hauck, R. 178-190 2700 Nil
146-93-22 ADD 50 8-20 Buehner, Gene 59-85 190 Nil
146-93-22 CCC 51 8-20 Buehner, Gene 69-90 1600 Nil
1449307 AAB 1 52 8-21 Kling, I. 74-95 1900 Nil
144-93-07 AAB 2 53 821 Kling, L. 102-150 2400 Nil
144-93-11 ABC 55 8-21 Pollestad, S. 147-158 1900 13+10**
144-93-2 DCB 56 8-21 Pollestad, S. 180 2100 Nil**
144-93-18 ADB 1 57 8-22 Wemager, A. 22 3600 5319**
50+13
145-94-28 DDB 60 8-22 Lake Ilo NWR 150 1800 Nil**
145-94-27 BCC 61 8-22 Lake lio Pump 130 1000 130+£12%*
145-94-27 BCC 66 10-8 Lake Ito Pump 130 1000 15+6**
144-92-8 CAC 4 62 8-22 McNamara, JI. 50 2000 56+9**
144-929 BCA 64 8-23 McNamara, E. 260 3200 11+16
144-92-8 CAC 2 65 8-23 McNamara, J. 81 3500 Nil
144-93-12 CDD F67 10-1 Reiersgaard, J. 130 —_— Nil
144-93-14 CBB F71 10-1 Rohde, A. 300 _ Nil
144-93-15 ACB F72 10-1 Dalham, J.-Renne, A. 96 _ 35+10**
40+13**
144-93-8 ABB 2 F74 10-1 Kling, H. 111-140 —_ Nil
144-93-83 ABB 2 F15 10-1 Kling, H. 111-140 —_— Nil**
145-93-30 CDB 2 F17 10-1 Pelton, W. 117-130() _— Nil
144-93-8 ABB 1 C3 10-2 Kling, H. 108-140 ~— 14+2%*
145-94-28 ADB 2 67 10-8 Kittelson, O. 127-140 1800 Nil**
145-94-32 DCC 1 68 10-8 Murphy, C. 22-38 1900 21+8%*
145-94-32 DCC 2 69 10-8 Murphy, C. 15 6796 99+13%*
144-95-2 CBC 70 10-8 Mittlestad, R. —_— 2000 Nil**
145-94-20 DDC 1 73 10-10 Saetz, J. 31 3200 26+9%**
145-94-20 DDC 2 75 10-10 Saetz, J. 40 2100 252+13%*
144-94-05 BBB 81 10-28 Fritz, F. 120-160 1800 Nil**
144-94-05 BBC 98 10-3 Fritz, F. 35 —_ 192+14**

*Expressed in tritivm units.

**¥Sample distilled before analysis.
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Table 3.6.10-2. Results of tritium analyses of samples collected UND observation wells
in the Dunn Center area during 1975. Results are expressed in fritium units (TU).

Intake Specific
Well Interval  Stratigraphic Date Conductance Tritium
Location No. (ft) Unit Sampled (micromhos)  (TU)2
146-93-23 CBB 3 8-3 7793 A interval 11-13 1646 1547
1449308 BCB2 16-2 235-262 H lignite 11-3 2692 Nil b
144-93-08 BCB4  16-3-2 60-80 DC lignite 11-3 2307 34+8
144-94-25 CAA'1 21-1 260-280 H lignite 10-15 2435 23+10
143-94-01 ABB1 22-1 75-105 DC lignite 7-30 —_ 16+7
144-94-07 DAA 3 30-1 35-38 A lignite 12-9 8460 44+6
145-93-27 ABC1 32-1 140-165 H lignite 10-1 1897 Nil
144-94-13 CBB 2 48-1 60-70 A lignite 10-13 4563 60+6
42-52 Coleharbor 10-1 1564 Nil

144-94-12 ABA 3 52-1

2All samples distilled before analysis.

Dldentified from tritium and oxygen-18 data as being contaminated with drill or wash water.

very high 180 values (-9.4 and -9.6 per

ille), indicating that the groundwater
supplying the well is derived from the lake.
When the second sample was taken the well
was pumped for a much longer period than
for the first. The decreased tritium
concentration in this sample evidently was
caused by the drawing in of much older
water from the surrounding aquifer during
the longer pumping periocf The fact that
the TU value of the second sample is so low
is useful in that it indicates that the well is
not drawing the evaporitic water from the
lake by way of vertical circulation along
the casing that could occur if the well were
pootly constructed. The present lake water
would have tritium values close to
precipitation values and therefore could
not produce a TU value as low as 15.

The five farm well samples that have
tritium concentrations in the range of 10 to
30 represent a mixture of pre-1953 water
and post-1953 water. Some of these values
are just barely above the limit of detection.
Water recharged to the groundwater zone
since 1953 would have much higher tritium
values even with the decrease caused by
radioactive decay. Two of these wells are
less than 31 feet deep and therefore would
be expected to have tritium. The other four
wells are in the depth range of 90 to 160
feet below ground surface. Consideration
of the individual hydrogeologic settings of
these well sites indicates that the very low

tritium concentrations could possibly be a
result of leakage of shallow water or
surface water along the outside of the well
casing because of poor well construction,
or could be a result of mixing of older and
modern water as the groundwater moves
from the recharge areas to, the zones from
which it is pumped. The 180 values from
these three wells are in the range of -15.4
to -17.2 and therefore are not anomalous.

The remaining 34 of the 49 farm wells
analyzed for tritium contain no
signi({cantly detectable tritium. It can be
concluded, therefore, that these
groundwaters are greater than 23 years old.
The depths of these wells are almost all in
the range of 80 feet to 200 feet below
ground surface. Three wells are between
200 and 300 feet. There are only two wells
more than 300 feet deep. These are located
at 1535 and 1524 feet in the Fox Hills
Formation. The most important hydrologic
information to be obtained from the
tritium data is that post-1953 water has not
penetrated over a widespread area to
depths generally greater than 50 feet below
ground surface. It should be noted that
almost all of the farm wells analyzed for
tritium are located in the Sentinel Butte
Formation. Since the regional water table
in the Sentinel Butte Formation is
generally between 50 and 150 feet below
ground surface it is evident that in terms of
the groundwater zone, tritium is generally




below detection in the shallow part of the
groundwater-flow system as well as in the
deeper parts. The tritium data is therefore
in agreement with the conclusion derived
previously based on hydraulic head and
hydraulic conductivity data indicating that
the groundwater-flow systems in the
bedrock are generally very sluggish because
of the widespread occurrence of aquitards
and the low frequency of major recharge
events. The highest tritium concentrations
detected in any of the farm or UND wells
was 252%13 TU (sample no. 75 well depth
40 ft). All other values were below 200 TU.
This indicates that no significant zones of
the high tritium water that occurred in the
late 1950’s and 1960’s have been detected
in the wells. Some of this water has
probably mixed with older non-tritiated
groundwater to produce much lower
tritium concentrations in some zones.

Of the nine UND wells sampled, three
have major tritium concentrations (in the
range of 30 to 60), three have detectable
but very low values (in the range of 15 to
23), and three have no detectable tritium.
The three higher tritium concentration
wells are in shallow lignite aquifers, at
depths from 35 to 80 feet below ground
surface. Two of the three wells with mindr
tritium concentrations are also less than
100 feet deep, and one is 280 feet deep.
The hydrogeologic setting of this deeper
well indicates that it is very unlikely that
tritium occurs at this depth as a result of
natural seepage. It is more likely that the
small amount of tritium detected in the
sample is due to the presence of a minor
amount of drill or wash water in the well.
One of the major uses of tritium in studies
of this type is similar to 180 in thatitisa
good indicator of the status of well
cleaning. The drill and wash water used was
surface water and therefore contains high
tritium concentrations because it is almost
invariably obtained from lakes, ponds,
sloughs or streams. For example, UND well
16-3-2 at 80 feet, which is one of the three
highest tritum concentration wells, was
designated as being moderately
contaminated on the basis of 180 data. It
is expected that with further cleaning the
tritium values for this well will go below
the detection level.
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Of the three UND wells with no
detectable triium, one is located at
relatively shallow depth (well 52-1 at 52
feet) in the main va.lfey fill aquifer in the
plant site. This lack of tritium at such
shallow depth in the sand and gravel
a&uifer indicates that the pebble-loam and
silt that overlies the aquifer in the proposed
Elanc site area is sufficiently extensive and

as sufficiently low hydraulic
conductivities to prevent infiltration of
significant amounts of young water
downward into the aquifer. Seepage of
recharge water into the aquifer is very slow;
and, therefore, it must be concluded that
seepage of water out of the sand and gravel
aquifers is also very slow. This conclusion is
consistent with the observation derived
previously on the basis of 180 data which
indicates that the seepage out of the valley
fill into the lignite aquifers that abut
against the walls of the buried valley is not
a large enough amount to be identifiable.
Samples from other UND wells in the
valley fill aquifers are presently being
analyzed to determine if the absence of
tritium is an extensive characteristic of the
system.

3.6.11 Interpretation of
the Carbon Isotope Data

The results of carbon isotope analyses
of samples from 14 wells, which includes 9
farm wells and 5 UND wells, are listed in
table 3.6.11-1, along with other isotope
and chemical data for the same wells. The
carbon-14 values range from 1.3 to 119
percent modern. The carbon-13 values
range from -9.5 to -16.9 per mille. Nine of
the 13C values are between -9.7 and -12.9
per mille.

On the basis of a study of 14C and
13C distributions in aquifer systems of
deltaic origin with significant lignite
contents, Winograd ard Farlekas (1974)
have indicated that interpretation of 14C
data in terms of groundwater ages and flow
rates can be very difficult. Deltaic,
lignite-rich aquifer systems are considered a
major problem with regard to hydrologic
use of carbon isotopes because of the
tendency for the groundwater chemistry in
these systems in some areas to be strongly
influenced by CO; (gas) generated within



116

Table 3.6.11-1. Results of carbon isotope analyses of samples that were collected frpm
farm wells and UND wells in the Dunn Center area during 1975. Otherisotopic and chemical
data are included for comparison. :

Total 13C

Owner Total Depth 180 Dissolved per  14C

Sample Date or or Strat. per Elect. Inorganic mille Percent

Location No. (1975) Site No. Intake Zone Unit mille Tritum Cond. pH Carbon PDB modem
144-93-23 ADA 2 2 5-24 Rohde, E. 210 DC(L) -17.0 Nil 2000 8.0 1270 -15.3 7.2
145-92-25 ABA 7 7  5-24 Halliday 1555(F) FH  -17.0 Nil 2300 85 1100 - 9.7 1.3
146-93- 3 CDD 8 524 A.Voight 1525(F) FH  -17.4 Nil 2100 8.2 1150 -10.5 1.8
145-93-21 CDD 23  5-24 G.Lynch 100(F) F(@) -16.2 — 1700 84 750 -10.0 453
144-94-34 BAB 2 35 524 B.Trampe 100 E(L) -16.7 Nil 2800 8.0 740 -15.6 113
144-93-07 AAB 1 C4 10- 2 I Kling 95 DC(L) -16.8 — 5100 7.1 550 -12.9 5.9
144-93-14 CBBC 6 F71 10- 1 A.Rohde 300 DC(L) — Nil _—— — -107 4.8
144-93- 8 ABB 2 F75 10- 1 H.Kling 140 DC(L) -17.2 Nil _ — — 165 13.1
145-93-27 ACB F78 10- 2 UND 32-2 120 CH -16.1 — _ — —— -95 243
144-94-12 ABA 96 1027 UND §2-2 89 CH -15.6 — _ — — -135 133
144-94-05 BBC 98 10- 3 F,Fritz 20 F(L) -10.0 192+14 2323 83 —— -12.6 119.2
144-94-01 CDD 10-24 UND 49-1 72-120 CH  -154 —— 2400 7.3 890 -12.7 13.3
146-93-23 CBB 109/110 11-13 UND 8-3 7793 AI) -189 15+7 340 7.7 80 -12.5 455
144-94-07 DAA 113/114 10-29 UND 30-1 35-38 A(L) -16.3 44+6 8400 8.2 1330 -10.3 8.4

(F)=Flowing Well
A(I)=A Interval

A(L)=A Lignite
DC(L)=Dunn Center bed

CH=Coleharbor
FH=Fox Hills

E(L)=E Lignite
F(L)=F Lignite

the aquifers. According to Winograd and
Farlekas there are two main mechanisms
that can cause COp generation within the
aquifers: (1) coalification of lignite, and (2)
oxidation of the cellulose content of the
lignite. If CO is generated by one or both
of these mechanisms in the
groundwater-flow  system, HY will be
produced (i.e., pH decrease) by the
reactions:

COp+HyO——=H»CO3

H,003—H*+HCO3~

HCO3 —=H*+C032-.

If calcite or dolomite is present in the
system the excess hydrogen ions will be
consumed by dissolution of these minerals,
illustrated here b_'}l calcite dissolution:

CaCO3+HF— Ca2*+HCO3~ .
It is evident from the above equations that
the dissolved inorganic carbon in the
groun<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>