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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 Geological 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 west-antral 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 
valley 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 described as strongly sloping (15 
percent), sloping (40 percent), or gently 
sloping (16 percent). of the remainder, 
most is nearly 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. 
ufland sloughs, such as characterize the 
g aciated Missouri Plateau, occur. 
Throughout the remainder of the project 
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 110 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 location 
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 various 
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 April 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 
land-reclamation studies. 

c. Coring of representative intervals 
above and directly below the Dunn Center 
bed for purposes of (1) providing samples 
for trace element 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 silt and 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 
an d pump-ou t methods) in uncased 
boreholes 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 
re vie w 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-I is a list of the 
depths to the tops of the significant 
stratigraphic marker beds in all the 
testholes used for this study. AppendiX 
A-II contains geophysical 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 about 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 correlations 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 drilling 
at 68 sites was completed during the period 
from June to October 1975 (fig. lA-I). 
The drilling was accomplished using two 
fotward-circulation 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 setved 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-Jried 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 intetvals were selected to give a 
representative sampling of the lithologies in 
the overburden and below 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 h-om material 
immediately underlying the lignite. Core 
samples that have not been destructively 
analyzed are stored in the North Dakota 
Geological 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 
physical properties of the overburden, (2) 
bulk 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 imfortant are the 
remainder of the Sentine 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 
significan t aq uifers. 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 



6 

NDIIS 
.32 . 

+ 

Ra3W AIiIIIW 

NC" 

.2 

.4' 
11I1 N. .

+ 
• ~D4II1 

.~ 

.53M 

.II 

.11 

01° 

+ ~ + .7 

·.12 .~I 
40. 

." 
.lIU20 .e 

.1:, 

"2. 

• NON 
.llit 

+ 

.. 

AlllSW AII4W 

T'K7N 

T1411N 

T.,""tI 
T14l!N 

T'~N 
T'I43N 

R8RW RB"lW 

5396 OIL TEST 

15UNDSITE 

a ., Ii! :3 
~!;;;;;;~~~_~! MILES 

a , a :3 
IiiijijiiI !iiijijjjiI KILOMETERS 

Figure 1.4.1 Map of the location of stratigraphic testholes in the Dunn Center axea. 



Figure 1.4.2 Map of the location of overburden core holes in the Dunn Center area. 

T"'\4'7N + 

• UNO CORES 

XWIER CORES 

~ 
, • ,. 

PM...... 

~IICJLOl"CT... 

+ + + 

7
 

T '\A ON 

r . I. 
I 

T,4t:N"J.
 

wastes. Deep injection has been indicated 
as the planned means of disposing of 600 
gpm of aqueous waste generated by a 
sim iIar 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 Fonnation 
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 
percent of the total thickness of the 
formation, 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. 



8
 

I 

ERA 

u-0 
N 
0 
Z 
l.Ll 
u 

u-0 
N 
0 
tI) 

l.Ll 
~ 

~ 
0 
N 
0 
l.Ll 
.....l 
< 
~ 

SYSTEM 

Quaternary 

Tertiary 

Cretaceous 

Jurassic 

Triassic 

Permian 

Pennsylvanian 

Mississippian 

Devonian 

Silurian 

Ordovician 

Cambrian 

Precambrian 

SEQUENCE 

Tejas 

Zuni 

Absaroka 

Kaskaskia 

Tippecanoe 

Sauk 

.._~. 

GROUP FORMATION 

Coleharbor 

Golden Valley 
Sentinel Butte 
Bullion Creek 

Fort Union Slope 
Cannonball 
Ludlow 

Hell Creek 

Montana Fox Hills 
Pierre 

. 
Niobrara 

Colorado 
Carlile 
Greenhorn 
Belle Fourche 

Mowry 
Newcastle 

Dakota Skull Creek 
Fall River 
Lakota 

Morrison 
Sundance 
Piper 

Spearfish 
Minnekahta 
Opeche 
Minnelusa 
Amsden 

Tyler 

Heath 
Big Snowy: Otter 

Kibbey 

Madison 
Bakken 
Three Forks 
Birdbear 
Duperow 
Souris River 
Dawson Bay 
Prairie 
Winnipegosis 

Interlake 
Stonewall 
Stony Mountain 
Red River 

--"'"-". 

Roughlock 
Winnipeg Ice Box 

Black Island 

Deadwood 

'-  -,'-- 

DOMINANT LITHOLOGY 

Pebble-loam, Sand, Gravel, Silt, Clay 

Silt, Clay, Sand 
Silt, Sand, Clay, Lignite 
Silt, Sand, Clay, Lignite 
Silt, Cay, Sand, Lignite 
Marine Clay, Silt, Sand 
Silt, Clay, Sand, Lignite 

Sandstone, Shale, Lignite 

Marine Sandstone 
Shale 
- '- 
Shale, Calcareous 
Shale 
Shale, Calcareous 
Shale 

-lShale 
Sandstone 
Shale 
Sandstone, Shale 
Sandstone, Shale 

Shale, Clay 
Shale, green and brown, Sandstone 
Limestone, Anhydrite, Salt, red Shale 

Siltstone, Salt, Sandstone I 
Limestone 
Shale, Siltstone, Salt 
Sandstone 
Interbedded Dolomite Limestone, Shale, 

Sandstone 
Shale, Sandstone 

Shale 
Sandstone, Limestone 
Interbedded Limestone, Evaporites

,--'-- 
Limestone 
Siltstone, Shale 
Shale, Siltstone, Dolomite 
Limestone 
Interbedded Dolomite, Limestone 
Interbedded Dolomite, Limestone 
Dolomite, Limestone 
Salt 
Limestone, Dolomite 

Dolomite 
Dolomite, Limestone 
Limestone, Dolomite 
Limestone, Dolomite 

Calcareous Shale, Siltstone 
Shale 
Sandstone 

Limestone, Shale, Sandstone 

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



9 

OWNER: SHAR- ALAN OIL MACKEV NC.., 

NDGS NO. e.,lSe 

LOCATION: SW ~ SWJ'4 SEC .,3. T.,43 N. R84W 

ELEVATION: 2.,33 KB a., ali GL 

~ 

GAMMA RAY 

I.-S 
[~ 

.;; 

? 
) 

'I 

j 
~ 

~ 
f 
c: 

~ 
..::~ 

'L 

t 
~ 
:,. 
F 

~ ~ 

B 
lD " 

8 
III
 
lD
 

0 
0 
III
 
III
 

8 
0 
" 

0 
0 
r 

" 

8 
N 

" 

RESISTIVITY 

UJSAMINNE 
ATION 

HEOPEC 
MATION 

h ~ 

~ ~ 
1-3 -
I-------

-:; t::='o 

~-
I_ 

~ 
~ n r--

I,..-J 

b 
;F=-

-s f- FOR 

~ 
~ ~ 

r-
ie 

I!'" 

r- FORM 

~ 
~ 

----- - t-
~ 

~ 

~ f--
-.., 

'= -

DUAL. L.ATEROLOG WITH GAMMA RAY 

Figure 2.1.1-1 Geophysical log of the Minnelusa and Opeche Formations. 



I-' 
o 

D , a: :a 
~ KLOMI!.TeR1!!l 

C.I.=20' 

~L.1!9 
II :a~ 

Figure 2.1.)-2 Map of the thickness of the Minnelusa Formation in the Dunn 
Center aIea. 

-4947 

MILliS
II ~ 

= 100'CI 

D , • ':I 
~ KILDMI!TIiRa; 

D 

Figure 2.1.1-3 Map of the elevation of the top of the Minnelusa Formation in the 
Dunn Center area. 



11 

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 of as 
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 (ftg. 2.1.2-1). 
The Opeche Formation serves as a very low 
permeability barrier that isolates the 

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 New( astle 
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 

C,I,=50' 

Figme 2.1.2-1 Map of the thickness of the Opeche Formation in the Dwm Center area. 
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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 Fall River Formation lies at depths of 
4850 to 5370 feet below the land surface 
(app. A-I). 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 en tirely 
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 Fonnation (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-I) 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 
bas e 0 f local and intermediate 
groundwater-flow systems under the 
project area (fig. 2.1.4-1). 

2.1.5 Fox Hills, Hell Creek, and 
Ludlow Fonnations 

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 been 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 

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 Hills Formation, they do 
constitute potential aqUifers in some 
places. In the project area, the Hell Creek 
For mation 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). Defmed in this way, 
this contact is very difficult to pick 
without a very good gamma-ray and 
gamma-gamma density log of the hole. It 
was recognized in six testholes in the area. 
The thickness of the Hell Creek Fonnation 
varied from 74 to 165 feet. 

The Ludlow Formation consists of 
alternating beds of silt, sand, clay, and 
lignite. I t 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. 2.1.5-4, -5). 
The thickness of the Ludlow Formation in 
the project area varies from 99 to 200 feet. 

2.1.6 Cannonball Fonnation 
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, 2.1.5-4, 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 Pierre 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-I). 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 
prob ably 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 Fonnation 
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 becomes progressively sandier 
upward. 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 

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 elevation of the reservoir. This is a 
prominent hgnite bed that is here 
informally named the ]-lignite (fig. 
2.1.7-3). 

The Bullion Creek Formation contains 
sand and coal beds that are potential 
aquifers. In addition, the Bullion Creek 
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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 (pIs. 1, 2, 3, and 4). Individual 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 (pI. 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 
(pI. 1). 

Ten major lignite beds are recognized 
in the Sentinel Butte Formation in the 
project area. The upper three are very 
limited 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. 

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 of 
con spicuously 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 underlying 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 strictly 
defined. (3) Very little of the material, 
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 trincipal occurrences of 
sediment 0 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 (ftg. 2.1.9-1), and (2) thick, 
linear bodies filling 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 ind:icate that other thin patches of 
pebble-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 6lls 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 material, sand and gravel, 
near the base, overlain by finer-grained 
material, pebble-loam, silt, and clay (flg. 
2.1.104 1, -2). In some places, several layers 
of sand and gravel are separated by layers 
of pebble-loam or lacustrine clay (flg. 
2.l.10-3). In a few places, sand beds were 
found in the upper, generally flne-grained 
part of the fill, very near the surface (ftgs. 
2.1.10-1, 2.1.10-4). 

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.l.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). 

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 flOm the 

top of the Cannonball Formation (flg. 
2.1.6-2) upward (flgs. 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, NDG S, 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 high 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 of 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 modem £lood plains rise 
several tens of feet above the floors of 
adjacent flood-basin lakes. 

4. Some structure may result from 
di fferential 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 
project area (pIs. 1, 2, 3, and 4). It also 
became 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 
con rinuous 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 already established 
for the project area by the Paul Weir Co. 
The three main lignites in the overburden 
are named from the surface down, the 
C-lignite, 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 C-lignite 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 C-lignite (fig. 2.3.1.1-1). The total 

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 abundant. 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-l.ignite is as 
much as 6 feet thick in some places (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) (ftgs. 2.3.1.2-1and 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 (ftg. 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 
A-lignite (fig. 2.3.1.1-1). It forms the 
surface 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 
A-lignite. In some places this sand is as 
much as 60 feet thick. A unit of silt (unit 
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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 a 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 (fig. 2.3.1-1). The 
uneroded thickness of the Dunn Center 
interval is extremely variable, ranging from 
about 5 feet to about 140 feet (fig. 
2.3.1.4-1). 

The Dunn Center bed is nearly 
everywhere overlain by unit 110, a layer of 
clay, silty day, 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 OT unit 110. In places, it 
is as much as 70 feet thick. Unit 120 grades 
laterally into silt of unit 123, which in tum 
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 
places is as much as 30 feet thick, accounts 
for 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 E-lignite 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 (pIs. 
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 E-lignite 
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 or the area, a wedge of silt splits the 
bed and both the F-lignite and G-lignite are 
present (ftg. 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 silt. 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 (pis. 
1 and 3). 

The u nsplit F-lignite 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 H-lignites form a 
prominent geophysical log marker 
throughout the project area, informally 
called "the double coal" (pIs. 1, 2, and 3). 

2.3.1.8 I-Lignite Interval 
The I-lignite interval is generally 

composed of silt, but clay is also an 
abundant constituent (fig. 2.3.1.5-1; pIs. 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, pI. 1). The I-interval 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 (fig. 2.3.1.8-2). In the southern part 
of the project area, it is as thin as 2 feet. 

2.3.1.9 I-Lignite Interval 
The J-lignite interval consists 

dominantly of silt (fig. 2.3.1.5-1, pIs. 1, 2, 
and 3). I t contains significant am ounts 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 (pIs. 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 throughou t the project 
area (ftg. 2.3.1.9-1). It splits into two and 
possibly three minor beds at the northern 
edge of the project area. 

2.3.2 Sentinel Butte Formation-Little 
Missouri Badlands Outcrop 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 (pI. 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 
1:24000 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 (pI. 4 ). 

Several units served as marker beds 
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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 fossible. The 
criteria for defmition 0 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 unox~dized 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 variegated; 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 few and 
thick, generally from 9 to 15 feet thick. 
The color 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 
either 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 
in the C-, B-, A-, Dunn Center, and 
E-intervals to thinner bedded units in the 
F-, B-, 1-, 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 (pI. 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 E-lignite 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 of 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 (pI. 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-intervai. The Dunn 
Center bed, which is generally burned out, 
lies between 2100 and 2200 feet. The A-, 
E-, F-, and B-lignites were also recognized 
in the outcrop area (pI. 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, 
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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 in tervals above the Pierre 
Formation indicates a pattern of continued 
subsidence and sedimentation along an 
eas t-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 a 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 

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 
present climatic conditions; active 
landsliding 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 of 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 of mining 
activity. As such, it should pose problems 
which will be met by routine engineering 
procedures of the mining operation. 

The second ty'pe of slope stability 
problem will occur if construction of 
housing is undertaken in the badlands 
north of the project area. The topographic 
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 fuling 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 
failure. 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 
NW4sec 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 rainfall 
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 rroduces an increase in 
erosion on hil slopes in western North 
Dakota (Hamilton, 1967; Clayton, Moran, 
and Bickley, 1976). It appears that the 
decreased precipitation 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 newly reclaimed lands will make them 
susceptible 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 
C-lignites. Each of these intervals has been 
f UT th er 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 
properties of the overburden material have 
been isolated. (1) The Hrst 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 evaporating, 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 
groundwater-flow systems appear to retain· 
low 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 be 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 of 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 
generally capable of yielding several 
tens of gallons per minute to properly 
constructed individual wells. 

Little is known specifically about the 
aq uifer 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 
hole was eventually extended to the Fox 
Hills-Hell Creek aquifer, because none of 
the shallower potential aqUifers below the 
Dunn Center bed showed potential yields 
in the order of several tens of gallons per 
minute. This well is the only water supply 
well in the entire project area at a depth 
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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 connning 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 
stratigraphie 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 
packer-isolated intervals in uncased 
boreholes. 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 fill systems were 
determined using an observation well 

network conslstrng 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 
borehole segmen ts 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 
piezometers. 

The chemistry of the groundwater was 
determined by making field 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 UNO, 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 defme 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 (Purore Test)b 
Single-Well K (Sing e-Well 

Well Response Test Pump Test Response) Packer Test 

NDSWC 47 94-e 2.16xlO-3 2.65x10-2 12.27 
NDSWC 4794-f 9.90x10-4 2.64x10-2 26.67 
NDSWC 4794-g 
NDSWC 4794 (e, f, g) 
NDSWC 4794 (a, b, d) 
UND 75-2-4 

7.21xlO-4 
1.32xl0-3a 
1.45x10-2a 

7.2 x10-4a 

2.54x10-2 
2.61x10-2 
6.08x10-1 
2.52x10-4 

35.23 
19.77 
41.19 

0.35 
UND 75-17-2-3 1.29x10-3 3.14xlO-3 

aValue estimated from regression analysis of relationship between hydraulic conductivity and depth. 
bRatio 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 ftgure 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 10-2 to 1.4 x 10-6 em/sec; the pump 
test values ranged from 6.2 x lO-1 to 2.5 x 
10-4 ern/sec; and a single packer test value 
was 3.14 x 10-3 em/sec. 

Table3.3.1-i -showsthe- co~pa:rison 
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 (ftg. 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 ftt of the 78 data points 
not nearly so tight (r2=O.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 
burial, 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 Fonnation 

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 
about 2 x 10-2 to 5 x 10-6 em/sec with 
most values falling in the range from about 
2 x 10-3 to 2 x 10-5 em/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 
day 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 
10-6 to 10-8 em/sec, with most values lying 
between 5 x 10-7 and 10-8 em/sec. Two of 
the single-well reronse test values are in 
the range 5 x 10- 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 defmed as the ratio of the 
volume of the voids to the total sample 
volume. There are in general two types of 
effective porosities that can occur in 
geologic materials: (1) intergranular 
porosity, and (2) fracture porosity. 

Intergranular porosity is a measure of the 
volume of the voids that occur between the 
grains that comprise sediments such as 
gravel, sand, silt, or clay. Fracture porosity 
is a measure of the voids that occur because 
of fractures, joints, 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 jointed rock are normally in 
the range 10- to 10-5. 

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. 
CoX). 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 
probably representative of the non-lignite 
beds in the Sentinel Butte Formation. 

In terms of hydraulic properties, the 
porosity of interest for the lignite beds is 
the fracture porosity, since it is this 
porosity that relates 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 
10-2 to 5 x 10-5. 

3.5 Aquifers and Aquitards 

3.5.1 Coleharbor Fonnation 
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 
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conductivity is higher. 
The sediments filling the valleys 

constitute both aquitards and aquifers. 
Sand and gravel, which generally constitute 
less than half the thickness 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 
sees 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 sees 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 sees 1, 2, 11, and 12 of 
T144N, R94W. The second and third 
possible rou tes 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 valley 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 

present in the sag, which is inconsistent 
with the nature of the valley ftll. The 
northern route is also favored by the buried 
valley that enters the Spring Creek valley 
immediately east of Dunn Center, which 
can best be continued as the northward 
extension of the same valley. 

The ftIl within the buried valleys is 
complex. The basal unit in the valley fill is 
sand and gravel (figs. 3.5.1-3, 3.5.1-4, 
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 many places, the 
pebble-loam extends to the land 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. 3.5.1-4, -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 10-4 em/sec 
to 2.95 x 10-2 em/sec with a mean value of 
6.59 x 10-3 em/sec (fig. 3.5.1-2). These 
values are considered representative only of 
the finer-grained portions of the permeable 
valley fill and are believed to be too low for 
much of the material for three reasons. (1) 
In several wells, water level recovery was so 
rapid that either no drawdown was pOSSible 
during pumping (Moran and others, 1976, 
p. 154-160) or recovery was complete 
before measurement was possible 
(apPI:oxirnately 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 10-2 em/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 
Fonnation rather than for the more 
permeable valley-fill sediments. (3) 
Long-term pumping tests in valley-fill 
deposits in Mercer County, east of the 
project area, indicate hy'draulic 
conductivity values of 3.0 x 10-1 em/sec 
(Croft, 1973, p. 57,61). There is no reason 
to believe that these values are not 
representative of the more permeable 
portions of the valley-fill deposits in the 
project area. 

Hydraulic conductivity of the upper 
permeable unit of the valley Hli was 
determined at eight sites using the 
single-well response test method. The 
values ran~d from 2.37 x 10-3 em/sec to 
2.67 x 10-2 em/sec with a mean value of 
6.54 x 10-3 em/sec (ftg. 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 pebble-loam and four 
sites in silt. using the single-well response 
test method. The values ranged from 7.49 x 
10-5 em/sec to 7.60 x 10-' em/sec for the 
pebble loam and from 2.28 x 10-4 em/sec 
to 5.03 x 10-4 em/sec for the silt (fig. 
3.5.1-8). 

The distribution of values of 
potentiometric head in the 
lower-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 10 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 C-lignite 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 em/sec at 
well 17-2-3 using a single-well response test 
(fig. 3.5.2-1). Much of the C-interval is 
fine-grained silt and clay and may serve as 
an aquitard. However, because much of the 
in terval is unsaturated, fracturing of the 
fine-grained material is probably common. 
Core samples revealed fracturing 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 Hne-grained 
material is common, as we assume, then the 
C-in terval probably readily passes water 
downward to lower aquifers. 

The B-in terval and lignite are 
saturated and yield water to wells in the 
eastern outcrop area around Horse Nose 
Bu tte. 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 
probably similar to the C-interval and 
lignite. A single value of 1.2 x 10-5 em/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-in terval 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 from 1.76 x 10-4 cm/sec to 
1.19 x 10-2 em/sec (fig. 3.5.1-2). The 
hydraulic conductivity of the A-lignite was 
determitled at ten sites using the single-well 
re sponse 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.?9 x 10-4 em/sec to 1.82 x 
10-2 cm/sec wah a mean of 9.98 x 10-3 
em/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 10-1 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 
properties of this part of the A-interval is 
probably similar to the underlying Dunn 
Center interval. 

The Dunn Center interval is generally 
saturated and yields water to wells 
especially in the northern part of the 

project area where it is thick and contains 
considerable sand (pI. 2). In other areas, 
especially through the 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 (pI. 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 hxdraulic conductivity 
range from 1.7 x 10-5 to 1.86 x 10-3 for 
very fine sand, to 4 x 10-6 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 1S an aquifer 
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• c ~ g 3 
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Figure 3.5.2-2 Map of the distribution of values of hydraulic conductivity, in em/sec (XI04), in the A-lignite, in the Dunn 
Center area. 



77 

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.~9 x 10-5 cm/sec to 8.07 x 
10-3 cm/sec Wlth a mean of 1.38 x 10-3 
cm/sec (fig. 3.5.2-1). Four determinations 
of the hydraulic 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 10-2 to 
2.65 x 10-2 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 
part of the Sentinel Butte Formation are 
lignite beds. In some places, sand beds in 
various intervals are capable of applying 
small quantities of water to wells. A sand 
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, pI. 
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, 
pI. 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 

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 hydrologic 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 10-4 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 10-6 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 completions 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 10-6 cm/sec to 
4.69 x 10-5 cm/sec. A fourth well 
completed in the N-lignite gave a value of 
1.02 x 10-5 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 fonnation are probably 
similar to those in the lower part of the 
Bullion Creek Formation and can be 
expected to have hydraulic conductivity no 
higher than 10-5 em/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: hydraulic conductivitY
certarnly no higher than 10-5 or 106 
em/sec. The sand beds may have hydraulic 
conductivity values similar to those in the 
lower part of the Bullion Creek Formation, 
10-5 to 10-6 em/sec. 

3.5.9 Fox Hills Fonnation and 
Hell Creek Fonnation-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 Fonnation. 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 aeld 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 ran~ed from 
7.2 x 10-4 em/sec to 4.73 x 10- em/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 Fonnation 
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 least as low as 
10-10 em/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, analrses of the 
isotopes, 180. 3H, l3C, and 4C in well 
samples, groundwater chemistry data, and 
observation of surface features influenced 
by groundwater seepage. The [lIst part of 
the flow system discussion presents the 
terminology and conceptual framework of 
groundwater- flow systems, followed by a 
flow system interpretation based on 
geologic and physical hydrologic data. This 
in terpretation 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 roundwater 
regime, most of the materia on surface 
water-groundwater interactions has been 
included in section 3.9. 
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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 in filtration of water trom 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 flow systems in the Dunn 
Center area, it is necessary to define four 
additional terms: recharge area, discharge 
area, infiltration zone, and exfUtration 
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 table, even if this 
component of the flow direction (vector) is 

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 inHltration zone. 
Unsaturated zones in discharge areas have a 
net long-term flux upward and are referred 
to as exHltration zones. In some areas, 
entry or exit from groundwater flow 
systems occurs directly from the surface 
environment, at locations where the 
groundwater zone is joined directly to 
lakes, 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 
inHltrated 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 drilling, 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 
c~es, the geophysical logs were a good 
indicator of 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 levels 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 
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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 pennanent 
water table (fIg. 1.4-2), visual examination 
of the cores indicated that saturated, 
po s irive pore-water-pressure conditions 
were probably not present. 

There is one area, however, where 
evidence suggest'> 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 clay 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-intervals 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 
Fonnation (fig. 3.6.4-6); and (7) the M
and N-intervals 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 (ftg. 3.2-1) and selected 
inventory wells. Inventory wells with both 
high quality drillers logs, which pennitted 
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 east-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 a dominant trend of 
decreasing hydraulic head values with 
greater depth below found surface. This 
progressive downwar decrease in water 
level from well to well is shown, for 
example, by the seven wells at UNO 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 
ground 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 Fonnation 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, regionally, 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 
Fonnation serves as a regional aquitard that 
effectively isolates the aquifers in the Fox 
Hills and Hell Creek Fonnations 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 deeper 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 aquifers. 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 stratigraphic system. The 
potentiometric surface of the A-lignite (ftg. 
3.6.4-1) is controlled by the local outcrop 
positions of this aquifer, the local 

topography, and the structure of the bed. 
In general, the potentiometric surfac::e 
reflects the position and shape of the mam 
topographic uplands in the area. The 
potentiometric surface of the Dunn Center 
bed (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 fJI 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 
I-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 I figure 
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 Fonnation 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 
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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 ]-lignite 
below. The anomaly is therefore a zone of 
high hydraulic head which has no apparent 
basis for 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 level. A 
SOO-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 
filled with grout to insure that the borehole 
could not cause vertical connectivitY, 
between aquifers. Inspection of the we,l 
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 
values 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 strong 
eastward slope across the northern part of 
the study area. A similar connection by 
means of a narrow 60-foot thick sand body 
in the upper part of the I-interval is known 
to be responsible for anomalously high 
head values in the H-lignite at UND site S. 
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. 

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 
energy 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 £low 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 £low 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 lateral 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 flow 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 10-2 to 10-4 
cm/sec, with a trend toward lower values in 
the deeper lignites. To calculate some 
representative lateral 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 ft 3/day per foot width of 
aquifer. The result is obviously very 
sensitive to the 2 order of magnitude 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 penneable 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 a~uifers, the followin~ 
parameter values will be used: K=10
em/sec, grad h=0.2. These values produce a 
vertical flux of 5 x 10-5 ft3/day per square 
foot of aquitard. With this vertical leakage 
flux a I-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 
(Le., as much as 4 ft3 /day per foot width 
of aquifer). Since aquitard conductivities 
can typically range from about 10-5 to 
10-9 em/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 differen t 
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 
per square foot basis, over a large area, the 
leakage 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 aqUifers 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 
from above through aquitard leakage 
generally lose water to underlying aquitards 
by 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 followin~ form: 

v=--grad h 
n 

where v is the average linearized interstitial 
groundwater velocity, hereafter referred to 
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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 effec~ve porosity range of 
10-2 to 10-3 , yIelds a calculated 
groundwater velocity range of 0.03 to 300 
felday, 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 
porosity. Although no actual field or 
laboratory measurements of the effective 
fracture porosity of lignite aquifers in the 
study area have been obtained, the range of 
10-2 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 10-7 to 10-9 cmlsec, gradient 
range of 0.1 to 1, and a porosity of 0.3 
yields a calculated velocity range of 10-3 
ftlday to 10-6 ftlday (1 ft in 1000 days to 
4 ft in 10,000 years), which indicates that 
vertical flow through the ag uitards is 
generally very slow, and even negligible, 
when viewed in terms of a 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 aqUifer 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 
aquifer 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 

where sand aqUifers provide hydraulic 
connection between the lignites. Since the 
sand aguifers 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 interval 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 therefore 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 of 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 before 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 even ts. 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 £low 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 significan t n u,?ber~ of 
observation wells are shown ill 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 ftll. 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 110 (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 fill in to 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 
alo~g the valley side slopes where 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 
sedimen t 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 lignite beds intersect the permeable 
valley-fill sediments, water is either 
recharged to the valley fill from the lignite, 
lost &om the valley £ill to the lignite, or 
flows from the lignite to the valley fIll and 
back into the lignite depending on the 
relative values of hydraulic head at that 
site. 

3.6.8 Terminology and Concepbl 
in Isotope Studies 

Samples &om 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 prese~ted. 

Water (H20) 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 I and an atomic weight of 
approximately 1 and normal oxygen has an 
atomic number of 8 and an atomic weight 
of a.pproximately 16. In the hydrological 
cycle, nearly all water molecules are 
composed of 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 
referred to as deuterium and tritium. 
Normal hydrogen (lH~ has 1 proton in its 
nucleus, deuterium ( H, but commonly 
designated as D) has 1 proton and 1 
neutron with an atomic mass of 2, and 
tritium (3H, but commonly designated as 
T) has 1 proton and 2 neutrons for a mass 
of 3. 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-lB. In the 
hydrologic cycle, the abundant type of 
water molecule is, of course, 1H2160. The 
molecules 00160, HT 160, and H2180 
and other combinations occur in only very 
small concentrations. For example, in sea 
water HD 160 and H2180 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) with notation 61800/00 and 
6 DOloo based on the definition: 

60/00=(R-Rstandard)/(Rstandard) x 1000 

where R and Rstandard 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 
dose 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 lightest 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 
r ainEall is produced. Colder climatic 

180conditions tend to produce lighter
180rainfall values. The content of 

in filtration water that recharges the 
water-table zone of foundwater-flow 
systems depends on the 1 0 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 

180surface-water environment. The 
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 ill geothermal areas. 
180 can therefore be viewed as a 
conservative natural tracer that is 
con trolled by meteorological factors, 
surface evaporation, and recharge 
frequency and occurrence. In favorable 

180circumstances, contents of 
groundwater can yield useful information 
on the source areas of recharge, aquifer 
mixing, and surface water-groundwater 
interactions. 

Tritium has always occurred in water 
in the hydrologic cycle, but it has only 
been since 1953 that the concentrations in 
rain, snow, surface water and young 
groundwater have become relatively high. 
The large increase in tritium concentrations 
occurred in 19 S3 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 1018 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-l4. 
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-l3, is usually also analyzed as an aid 
in the interpretation of the chemical 
evolution of the groundwater and in the 
interpretation of the l4C 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 l4C 
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 
14C content of "modern" organic carbon 
materiaL This material was in equilibrium 
with natural atmospheric 14C prior to 
inc rea ses 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 14C 



content as the atmosphere. Water that 
infiltrates through the soil zone dissolves 
CO2 produced by oxidation of organic 
matter and root respiration and thereby 
acquires similar equilibrium 14C 
concentrations in dissolved inorganic 
carbon. When the water moves downward 
into the water-table zone, the water is no 
longer in can tact with the 14C 
replenishment source. The 14C 
concentrations then begin to decrease as a 
result of (1) radioactive decay, and (2) 
dilution by non-radioactive carbon that 
enters the groundwater by dissolution of 
minerals through various geochemical or 
biogeochemical processes. If 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 2-t / T 
0 

where T is the half life (5700 years), t is 
time, A is the measured 14C activity in the 
sample (as percent modem) and Ao 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 carbon occurring in 
H2C03, C03, and HC03)' This is feasible 
because the two main sources of carbon (1) 
biogenically generated C02 from the soil 
zone or oxidation of coal, and (2) 
calcite-dolomite dissolution, normally have 
very different 13C values, 13C 
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 
hydrology are given by Brown et al (1972) 
and Payne (1972). 

3.6.9 Hydrologic Information
 
from Oxygen-I8 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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180and others (1976, app. C-XI). The 
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 (Le., 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 (i.e., heavier, less negative). In the 
hydrologic 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 en tered 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 Date180 (0/0°1 180 (0/0°1
Location No. No. Sampled (per mille 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 
144-94-16 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 Date 180 (0/00180 (0/00J
Location No. Owner Sampled (per mille Sampled (per mille 1 

145-93-10 AAC 1 15,38 
145-93-10 AAC 2 14,39 
146-93-34 ADD 13,46 
146-93-35 BCC 12,48 
146-93-34 ADA 1 11,47 
146-93-26 CBB 2 9,49 
145-94-27 BCB 61,66 

144-93-14 CBB F71, C6 

A. Hanson 
A. Hanson 
G. Buehner 
G. Buehner 
G. Buehner 
C. Pelton 
Lake 110 
Pump 
A. Rohde 

5-24-75 
5-24-75 
5-24-75 
5-24-75 
5-24-75 
5-24-75 
8-22-75 

10- 1-75 

-17.2 
-15.9 
-17.9 
-17.9 
-16.4 
-14.9 
- 9.4 

-17.5 

8-23-75 
8-23-75 
8-23-75 
8-23-75 
8-23-75 
8-23-75 

10- 8-75 

-17.2 
-15.9 
-17.8 
-17.9 
-16.5 
-14.6 
- 9.2 

10- 2-75 -17.3 

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

value of -10.1 per mille and then was 
sampled after additional cleaning and 
yielded a value of -16.3 (table 3.6.9-1) 
which is in the range of normal 
groundwater in the area. Six other wells 
that were sampled at two different cleaning 

180stages and analyzed for gave the 
following results, with the first sample 

indicated ftrst: well 8-3, -18.9 and -18.9; 
well 26-1-1, -17.4 and -17.3; well 26-1-2, 
-17.1 and -17.2; well 27-2,-16.9 and-17.0; 
well 32-1, -16.5 and -16.3; we1132-2, -16.4 
and -16.2; well 55-4, -13.7 and -13.7. Since 

180the analytical precision of the 
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. 

180Four samples that have values 

180 



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 

180the heavy 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 32-4, 
-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 110 is a signi6.cant contributor to the 
groundwater zone near the lake is 
supported by 180 data from farm wells as 
indicated below. 

180Only six farm wells have 
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 110 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 110 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 
110 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 
system. As this lake-aerived water moves 
along flow paths in the groundwater system 
it will mix by mechanical dispersion and 
molecular diffusion with groundwater 
recharged from other sources. There are 
insuf6.cient observation wells and farm 
wells in the area to en able 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 identifled 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 1 0 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 fill 
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 fill 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 ftll is not a 
major source of water for the bedrock in 
this area, because if it were one would 

18 0expect to observe similar 
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 
permeability constraints. 

As indicated previously, some of the 
shallow groundwater in the valley 611 
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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Figure 3.6.9-1 Oxygen-18 concentrations in samples from UND wells and farm wells along cross section A·A'. Location of cross section shown on figure 2.1.10-2. 
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Figure 3.6,9-2 Oxygen-IS concentrations in samples from UND wells and farm wens along cross section B-B', Location of cross section shown on figure 2.1.10-2. \0 



...... 

...... 
o 

c~' 

~ <? ~ CFp ~ e 4 ,"00 _.... 

• 
===---= ~T"n;';"'~~""'}"'h:;::i~·=?E";"'9"?",~~~~~"'~~';:S~;>;l>,~,,"'~-,~~friE","~=~ e 

I 

•• DLA,.,. ...TION 
000 

~ ~"HD 8"''''° .... ''' "'I~' 
~v'4ill '--' ..oliOII' C;l "'1001 

t:::) ~1I1" CLIlY UH- 0 ~""'D r.. ,~ '.. II ...... , 
to" 

L
C::!J 'H... 10..... • ~(,1I11'l '''''IWVAl 

t;;;::. "0 lot .. 1f 1I1f
\y CO... ,.,,\~'O ""'II--_.._----

o 
tICAL. 

,/. 
MILE.9 

Figure 3.6.9-3 Oxygen-1 Bconcentrations in samples from UND wells along cross section E-E'. Location of cross section shown on figure 2.1.1 ()"2. 



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

180heavier groundwater than water 
derived from snow melt. 

The three wells in the valley £ill at site 
27 are in the range of -17.0 to -18.8 and do 
not a~~ear to be significantly different 
than 0 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 floor 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 plan t site area, 

180have 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 
180sampled and analyzed for 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 rel~tively 
shallow groundwater zone near UND !sites 8 
and 9 at the northern end of cross section 
A-A' (fig. 3.6.9-1). There are four UNO 
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 

180expect that the anomalously light 
values 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 
indication 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 inftltration 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

180evaporation will maintain its light 
values. It is likely that this type of recharge 
process supplies the shallow groundwater 
zone in the northern u~land. Since there 
are no relatively heavy 80 values in this 
area, it is very unlikely that much water 
from the pennanent ponds or the 
ephemeral ponds that often persist into the 
summer produce much recharge to the 
groundwater zone. The two anomalously

180light 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 from 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 inftltrates as a slug 
relatively rapidly through the soil (solum) 
when the soil is very cold 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 
nonnal groundwater in the study area has 

180oxygen values in the range of 
approximately -15.5 to -17.9 and why

180there is much variability of values 
within this range wi.thin individual aquifers 
and with depth inche various segments of 
the region. The variability is probably 
caused by the multiplicity of 
microenvironments, in which groundwater 
recharge occurs. It is also likely 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 rime span have 

180influenced the 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 representative of conditions 
that occur over significant time periods, 
some of the farm wells were sampled on 
two, and in a few cases three, occasions 
between y;ring and fall. The wells with 
double 1 0 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 

180of the 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 long 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 drill 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 rime 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, 
concen trations below 10 TO cannot be 
distinguished with a high degree of 
confidence from background radioactivity 
levels inherent in the counting procedures. 
Values above 10 TO have been reported 
wit h 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 years 1964 to 1969. 
Calculated from these data the weighted 
mean annual tritium 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 102±9 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 
concen trations 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 

Location 
(twp'rge-sec) 

Sample 
Number 

Sampled 
1975 

(month/day) Owner 

Well Depth 
OJ Intake 
Interval 

Specific 
Conductance 

(umhos) 
Tritium 
(TU)* 

144-93-23 ADA 2 
145-92·25 ABA 
146-93-10 BAA 
146-93-3 CDD 
146-93-34 ADA 1 
146-93-35 BCC 

2 
5 
7 
8 

11 
12 

5-23 
5-24 
5-24 
5-24 
5·24 
5-24 

Rohde. E. 
Town·Halliday 
Voight, A. 
Voight, A. 
Buehner, Gene 
Buehner, Gene 

210 
1510·1555 

Spring 
1525 

126-137 
143-165 

2200 
2300 
2100 
2100 
2000 

800 

16:t12** 
Nil" 
Nil** 
NiI** 
Nil 
Nil 

146-93-34 ADD 13 5-24 Buehner, Gene 160 900 Nil 
145·93-10 AAC 2 14 5-24 Hansen. A. 15-30 3100 40±8** 
145-93-10 AAC 1 15 5-24 Hansen, A. 84-91 1100 13±8** 
145-93-10 AAC 1 38 8·19 Hansen. A. 91 1100 Nil 
145-92~ CCC 16 5-24 McMahon, J. 45-58 1000 Nil 
145-92·18 CBA 1 19 5-24 Christiansen, A. 40 3000 38±7*" 
145-92-18 CBA 2 20 5-24 Ouistiansen, A. 180 2700 Nil 
145·93·29 BCA 2 22 5-24 Lynch, G. 60-70(f) 1900 Nil 
144·94-4 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. 51~5 2000 Nil 
144-94·1 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 2';100 Nil"* 
143·93-22 DCA 1 41 8-19 Hausauer, P. 118-130(f) 1800 Nil.... 
144-94·24 BOB 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 J;luehner, Gene 69·90 1600 Nil 
144·93-07 AAB 1 52 8-21 Kling. I. 74·95 1900 Nil 
144-93~7 AAB 2 53 8·21 Kling, 1. 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 53±9** 

50+13 
145-94-28 DDB 60 8-22 Lake Uo 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 no Pump 130 1000 15±6** 
144-92-8 CAC 4 62 8-22 McNamara, I. 50 2000 56±9** 
144-92-9 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 COD F67 10-1 Reiersgaard, I. 130 Nil 
144-93-14 CBB F71 10-1 Rohde, A. 300 Nil 
144-93-15 ACB F72 10-1 Dalham, I.-Renne, A. 96 35±10** 

40±13"* 
144-93·8 ABB 2 F74 10-1 Kling, H. 111-140 Nil 
144-93-8 ABB 2 F75 10-1 Kling, H. 111·140 Nil*" 
145-93-30 COB 2 F77 10-1 Pelton. W. 117·130(0 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 Ni1** 
145-94-32 DCC 1 68 10-8 Murphy, C. 22-38 1900 21±8** 
145-94-32 OCC 2 69 10-8 Murphy, C. 15 6796 99±13** 
144-95-2 CBC 70 10-8 Mittlestad, R. 2000 Nil** 
145-94-20 DOC 1 73 10-10 Saetz. J. 31 3200 26±9** 
145-94-20 DOC 2 75 10-10 Saetz, J. 40 2100 252:!:13*" 
144-94~5 BBB 81 10-28 Fritz, F. 120·160 1800 Nil'" 
144-94-05 BBC 98 10-3 Fritz. F. 35 192±14** 

*Expressed in tritium UIlits. 
**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 tritium units (TVJ. 

Intake Specific 

Location 
Well 
No. 

Interval 
(ft) 

Stratigraphic 
Unit 

Date 
Sampled 

Conductance 
(micromhos) 

Tritium 
(TU)a 

146-93-23 CBB 3 8-3 77-93 A interval 11-13 1646 15±7 

144-93-08 BCB 2 
144-93-08 BCB 4 

16-2 
16-3-2 

235-262 
60-80 

H 11~it~ 
DC 19I1lte 

11-3 
11-3 

2692 
2307 

Nil 
34+8b 

144-94-25 CAA 1 21-1 260-280 H I1nite 10-15 2435 23±10 
143-94-01 ABB 1 22-1 75-105 DC ignite 7-30 16±7 
144-94-07 DAA 3 30-1 35-38 A lignite 12-9 8460 44±6 
145-93-27 ABC 1 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 
144-94-12 ABA 3 52-1 42-52 Coleharbor 10-1 1564 Nil 

aAll samples distilled before analysis.
 
bldentified from tritium and oxygen-lS data as being contaminated with drill or wash water.
 

180very high values (-9.4 and -9.6 per 
mille), 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 period. 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 
poorly 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 wit.h 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 
modem 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 
significantly 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 
~ound surface. It should be noted that 
ilmost 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 that it is a 
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 tritium 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 tntmm, one is located at 
relatively shallow depth (well 52-1 at 52 
feet) in the main valley fill aquifer in the 
plant site. This lack of tritium at such 
shallow depth in the sand and gravel 
aquifer indicates that the pebble-loam and 
silt that overlies the aquifer in the proposed 
plant site area is sufficiently extensive and 
has 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 
ran~ from -9.5 to -16.9 per mille. Nine of 
the 13e values are between -9.7 and -12.9 
per mille. 

On the basis of a study of 14e and 
13e distributions in aquifer systems of 
deltaic origin with significant lignite 
contents, Winograd ar.d Farlekas (1974) 
have indicated that interpretation of He 
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 e02 (gas) generated within 
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Table 3.6.11-1. Results of carbon isotope analyses of samples that were collected from 
[ann wells and Ul'v'D wells in the Dunn Center area during 1975. Other isotopic and chemical 
data are included for comparison. 

Total l3C 
Owner Total Depth 180	 Dissolved per 14C 

Inorganic mille PercentSample Date or or Strat. per Elect. 

Location No. (975) Site No. Intake Zone Unit mille Tritium Condo pH Carbon PDB modern 

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 8.5 1100 - 9.7 1.3 
FH -17.4 Nil 2100 8.2 1150 -10.5 1.8146-93- 3 COD 8 5-24 A. Voight 1525(F) 

145-93-21 CDD 23 5-24 G. Lynch 100(F) F(L) -16.2 - 1700 8.4 750 -10.0 45.3 

144-94-34 BAB 2 35 5-24 B. Trampe 100 E(L) -16.7 Nil 2800 8.0 740 -15.6 11.3 

144-93-{)7 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	 -10.7 4.8 

144-93- 8 ABB 2 F75 10- 1 H.Kling 140 DC(L) -17.2 Nil	 -16.9 13.1 
- 9.5 24.3145-93-27 ACB F78 10- 2 UND 32-2 120 CH -16.1 

13.3144-94-12 ABA 96 10-27 UNO 52-2 89 CH -15.6 -	 -13.5 
144-94-{)5 BBC 98 10- 3 F. Fritz 20 F(L) -10.0 192!14 2323 8.3 -12.6 119.2 
144-94-{)1 COD 10-24 UNO 49-1 72-120 CH -15.4 - 2400 7.3 890 -12.7 13.3 
146-93-23 CBB 109/110 11-13 UNO 8-3 77-93 A(I) -18.9 15±.7 340 7.7 80 -12.5 45.5 
144·94-{)7 DAA 113/114 10-29 UND3D-l 35·38 A(L) -16.3 44.:!:6 8400 8.2 1330 -10.3 8.4 

(F)=Flowing Well A(L)=A Lignite E(L)=E Lignite CH=Coleharbor 
A(I)=A Interval DC(L)<=Dunn Center bed F(L)=F Lignite FH=Fox Hills 

the aquifers. According to Winograd and 
Farlekas there are two main mechanisms 
that can cause C02 generation within the 
aqUifers: (1) coalification oflignite, and (2) 
oxidation of the cellulose content of the 
lignite. If C02 is generated by one or both 
of these mechanisms in the 
groundwater-flow system, H+ will be 
produced (i.e., pH decrease) by the 
reactions: 

C02+H20~H2C03 

H2C03~H++HC03

HC03-~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 bI calcite dissolution: 

CaC03+H -Ca2++HC03-' 
It is evident from the above equations that 
the dissolved inorganic carbon in the 
groundwater will be increased by the inputs 
of carbon from both the C02 production 
and the carbonate mineral dissolution. If 
the lignite carbon and the carbonate 
minerals are more than about 50,000 years 
old, these carbon inputs to the 
toundwater will contain no significant 

4C because this isotopic fraction would 
have been lost by radioactive decay. This 
old carbon is usually referred to as dead 
carbon because of its lack of significant 

carbon-14. If 14C data for groundwater are 
to be used as groundwater age indicators, it 
is necessary to estimate the percentage of 
dead carbon derived from these sources 
within the total dissolved inorganic carbon 
in the well samples. With the available data 
from the Dunn Center area it is not 
possible to make accurate estimates of this 
type. The purpose of the following 
discussion is to interpret th at data in a 
semi-quantitative manner as a basis for 
determining whether or not the carhon 
isotope data is consistent with the 
geochemical and hydrologic trends 
described on the basis of other kinds of 
data elsewhere in this report. 

Dissolution of calcite or dolomite 
consumes C02' If the dissolution occurs 
below the water table in systems where 
CO 2 is not replenished by lignite 
coalification or oxidation of organic 
matter, the C02 partial pressure in 
equilibrium with the water will decrease 
and will continue to decrease as long as 
carbonate mineral dissolution proceeds. 
The calculated C02 partial pressures for 
water samples from the UND and farm 
wells are commonly below the value for the 
earth's atmosphere (i.e., below 1O-3.5atm), 
which indicates that C02 consumption 
without replenishment must be occurring. 

The pH and HC03- data for the UNO 
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and farm-well samples indicate that calcite 
di~s~lution is a major geochemical process 
wIthIn the groundwater-flow system. This 
is discussed in more detail below. It is 
necessary for purposes of 14C data 
interpretation to derive estimates of the 
effect of dissolution below the water table 
of calcite. For the Dunn Center 
groundwater these estimates are 
particularly important since the 
groundwater has very high dissolved 
inorganic carbon concentrations, almost 
entirely in the form of HC03-' 

In this interpretation some of the 
methods described by Wigley (1975) will 
be used. 

The l3C values for C02 gas in the soil 
zones of recharge areas are controlled by 
either the Calvin or the Hatch-Slack 
photosynthetic cycles for plant ecosystems. 
The Calvin cycle occurs in humid, 
semi-humid, and some semi-arid ref'ons. 
The Hatch-Slack cycle is typical 0 arid 
regions. The soil zone l3C for C02 gas in 
the Calvin cycle is -25±3 per mille, whereas 
for the Hatch-Slack cycle values close to 
-16 per mille are normal. If infiltrating 
water with soil zone C02 dissolves 
carbonate minerals in the soil zone (i.e., 
above the water table) to the extent that 
the pH rises and nearly all of the C02 in 
the water is converted to the HC03- fonn 
(which would be the case for pH values 
between about 7 and 9), the 13C of the 
dissolved ino~ganic carbon (i.e., the C in 
the HC03-) wIll have a value of (-25±3)+8= 
=17 ±3 per mille. The 13C value is 
increased because of isotopic fractionation 
between the carbon species. If a 
Hatch-Slack photosynthetic cycle is 
assumed, the 13C value of the carbon in 
the HC03- will be about -8 per mille. When 
the infiltrating water enters the 
groundwater-flow system and thereby 
becomes removed from the C02 reservoir 
of the unsaturated zone, dissolution of 
carbonate minerals can then begin to alter 
the 13C of the water because the carbon 
system can no longer main tain isotopic 
equilibrium with the soil air. 

It is expected th at the calcite in the 
Sen tinel Butte Formation has been 
transported and deposited in the sediments 
in particulate fonn by mechanical 

processes, rather than deposited as 
pre~ipitates in the fresh water depositional 
enVlfonments. It is assumed that the 
original depositional environment of the 
calcite w,,-s marine and therefore that the 
13C values of the calcite is close to zero. In 
the near future this assumption will be 
checked by l3C analyses of core samples 
from the Sentinel Butte Formation. It is 
eXfe~ted, therefore, that dissolution of 
ca clte below the water table in 
closed-system conditions will cause a 
decrease in the 13C of the dissolved 
inorganic carbon in the water, and a 
decrease in the 14C content. 

If the dissolved inorganic carbon 
(DIe) content of the water when it enters 
the sub-water-table zone is designated as 
mCo and the total DIC after some calcite 
dissolution below the water table is mC, 
then the new l3C value after dissolution 
will be 

l3Co xmC__0 

mC 

where the l3C of the carbon from calcite 
dissolution below the water table is taken 
as zero (per mille). Since the l3C values of 
aU of the samples analyzed (table 3.6.11-1) 
are less than -9.7 per mille (i.e., more 
negative) and since the Hatch-Slack cycle 
would produce BC values of about -8 per 
mille after dissolution above the water 
table, it does not appear feasible for the 
Hatch-Slack cycle to be applicable to the 
Dunn Center system. This is what would be 
expected considering the presen t and past 
climatic regimes of the region. The Calvin 
cycle for initial l3C values is therefore used 
in the following analysis. 

If the BC of soil-zone gas generated 
by the Calvin cycle is taken as -25 per 
mille, Wigley (1975) has shown that 
dissolution of calcite under a wide range of 
initial soll.>zone C02 ~artial pressures will 
produce equilibrium 3C values of -16.5 
per mille for open system dissolution (i.e., 
dissolution above the water table) and 
-13.7 per mille if all of the dissolution 
occurs below the water table. Vanous 
hybrid combinations of both open and 
closed system dissolution produce values 
between these two extremes. In Wigley's 
analysis dissol u tion of calcite to 
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equilibrium occurs with a speci~ed ini~ial 
CO2 partialrressure. Continued diSsolutlon 
because 0 Ca2+ removal by cation 
exchange is not taken into account. For 
Wigley's extreme case ~omplete closed 
system dissolution) the 1 C value of -1~.7 
per mille is produced with an end pomt 
mCo/mC value of 0.532. Therefore, under 
these conditions about half of the DIC 
would be derived from closed system 
calcite dissolution, and consequently the 
initial l4C value would be diluted by about 
50 percent dead carbon. 

If, as is the case in the Dunn Center 
area, calcite dissolution continues because 
of Ca2+ removal by exchange with Na+ on 
day minerals, the mCo/mC value will 
decrease and the 13C values of the DIC will 
increase (i.e., becomes less negative). This 
interpretation adequately accounts for the 
l3C values observed for the Dunn Center 
samples, the highest of which is -9.7 per 
mille. . 

For 14C with a half-life of 5700 years 
the radioactive decay equation can be 
written in the form R 

t=-82601n
Q 

where t is the adjusted (sometimes referred 
to as corrected) groundwater age, R is the 
ratio of sample HC to the 14C content of 
a modern standard and Q is the adjustment 
factor to account for dilution by dead 
carbon due to carbonate mineral 
dissolution. Following Wigley (1975) Q will 
be taken as mCo/me. To obtain an 
estimate of the true age of the groundwater 
with carbon isotope data listed in table 
3.6.11-1, R can be obtained from the 14C% 
modern column, by expressing the 
measured 14C values as a ratio rather than 
as percent. To obtain estimates of the 
effects of Q on the ages that can be 
calculated using the above equation an 
extreme case will be evaluated. 

For illustrative purposes it will be 
assumed that the infiltrating recharge water 
starts off with a relatively high C02 partial 
pressure of 10-1.5 atm, which is two orders 
of magnitude above the C02 partial 
pressure in the earth's atmosphere. It is 
further assumed that calcite is dissolved to 
equilibrium entirely under closed system 
conditions. According to Wigley this will 
result in an equilibrium 13C value of -13 07 

per mille and a mCo/mC of 0.53. It w~l be 
further assumed that dissolution contmues 
(under closed system conditions) because 
of exchange removal of Ca2+ and that the 
l3C content of the DIC reaches a value of 
-9.7, which is the highest of the values 
obtained for groundwater in the Dunn 
Center area. If the 13C of the calcite is 
taken as zero, the mCo/mC that will occur 
when the 13C reaches -9.7 is 0.38. This 
value is obtained by simply multiplying 
0.53 by the ratio -9.7/-13.7. If the 
groundwater chemistry has evolved to this 
point (i.e., to the point where 13C=-9.7 
and mCo/mC=0.38) before sufficient time 
had elapsed for a significant percent of HC 
to be lost by radioactive decay, the water 
would have an apparent percent modern 
value of 39 percent. Under the assumed 
conditions used in this calculation, the only 
way the 14C value could be lower would be 
if sufficient time had elapsed for 
radioactive decay to be important. For 
example, if 5700 years (one-half-life) had 
elapsed, the 14C value would be reduced 
from 38 to 19 percen t. Inspection of table 
3.6.11-1 indicates that only three of the 
eleven 14C values are above 20 percent 
modern. Four of the values are below 10 
percent modern. 

The above analysis indicates that it is 
very likely that the samples with low HC 
values have acquired their low values to at 
least a major extent through radioactive 
decay. The 14C data are therefore 
consistent with the interpretation based on 
hydrologic data, which indicates that 
groundwater many thousands of years old 
is common within the groundwater-flow 
system. 

It should be kept in mind that the 
assumption of complete closed system 
dissolution through the entire calcite 
dissolution process as assumed in the above 
example is an extreme case which will 
produce the lowest mCQ/mC ratio feasible 
within the geochemical framework that 
seems to best fit the data. The highest 13C 
value from the 14 analyses in table 3.6.11-1 
was used in the calculation. If a more 
representative 13C value were used, the 
mCo/mC factor calculated with Wigley's 
model would be higher and thus decrease 
the effect of dead carbon on the 14C 
values. This does not take into account, 



119 

however, that some oxidation of organic 
matter may occur within these aquifers. 
Such rocesses would lower both the 13C 
and 4C contents and could possibly 
account for the lower 13C values observed 
in these samples. In this case Wigley's 
model is not applicable and age corrections 
based on his assumption would be too 
small, i.e., the corrected ages would still be 
too old. Nevertheless, even in view of this 
we can safely assume that the water in 
these aqUifers is thousands of years old. 
The two sampIes from the Fox Hills aquifer 
(table 3.6.11-1) have l4C values less than 2 
percent modem, which suggests that this 
water is extremely old. It likely was 
recharged into the groundw~ter-£low 

system during Pleistocene time. The three 
highest 14C concentrations, in the range of 
45 to 119 percent, have detectable tritium 
concentrations, which indicates that these 
waters are less than 23 {ears old. The 
sample with 119 percent 1 C has a tritium 
concentration of 192±14 TU. The l4C 
concentration is more than 100 percent of 
the modern standard because the water 
contains 14C caused by atmospheric testing 
of thermonuclear devices. The modern 
standard is based on the 14C content of 
biogenic carbon prior to 1953 increase. \ 

UND well 30-1 has a moderate tritium 
concentration and a 14C concentration of 
20 percent. The hydrogeologic setting in 
which this well is located suggests that this 
water may be a mixture of young and older 
water. 

3.6.12 Hydrologic Interpretation 
of Water Chemistry Data 

The purpose of this section is to 
interpret on a hydrological basis the results 
of chemical analyses of UND, Water 
Commission, and farm wells. Results of 
analyses made available by the United 
States Geological Survey are included as 
part of the data base. The water chemistry 
data is considered from a water quality and 
use suitability viewpoint in a later section. 
In the present discussion, only the major 
ionic components, pH, and electrical 
conductivity are considered, since it is 
these constituents that are of most 
relevance in terms of hydrologic 
implications and major geochemical 

processes. The geochemical model to 
account for the observed major ion 
chemistry is discussed in detail in a later 
section. 

Much of the electrical conductivity 
and Na+, Ca2+, HC03-, S042-, and Cl- data 
are displayed along cross sections A-A' and 
B-B' in figures 3.6.12-1 to -12. The 
electrical conductivity of samples from 
UND and farm wells in four aquifer units 
are shown in figures 3.6.12-13 to -16. The 
chemical data, grouped according to 
stratigraphic position of the wells, are 
summarized in table 3.6.12-1. Samples 
from the UND wells that have been 
identified on the basis of isotope data as 
being contaminated with drill or wash 
water have not been included on the 
figures. All of the chemical analyses used in 
this investigation are tabulated by Moran 
and others (1976, app. C-XI). 

The chemical analyses of water 
samples in the Dunn Center area are 
grouped by water type and stratigraphic 
unit in table 3.6.12-1. When the mean 
values of the ratios, EPM (Na+K)/EPM 
total cation vs. EPM (HC03)/EPM total 
anion are plotted for each water type in 
table 3.6.12-1, 11 groups of analyses are 
evident (Hg. 3.6.12-17). The values of these 
ratios are referred to as the Na-HC03 
content of the water in the following 
discussions. 

Five groups, Groups I-V, consisting of 
76 analyses from the Coleharbor 
Formation, A-interval and lignite, Dunn 
Center bed and Dunn Center interval, 
E-interval and lignite, F-interval, G-interval, 
H-lignite, I-interval and I-lignite, form a set 
with a mean Na-HC03 composition of 
39-44. This set ranges from (NaCa)HC03 
type water of Group I, through 
Na(S04HC03) type water of Group IV, to 
CaS04 type water of Group V. The 
unifying characteristics of this set are low 
salinity and low pH. The mean 
conductivity is 1294 micromhos/cm and 
the mean pH is 7.4. In general, the pH 
increases with increasing bicarbonate 
content and to a lesser extent with 
increasing sodium content. The 
con d uctivity tends to increase with 
increasing sodium content. 

Group I consists of 3 analyses of 
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Figure 3.6.12-1 Concentrations of Na+ (mg/Iiter) in samples from UND and fann wells along cross section A·A', Location of cross section shown on fJgure 2.1.10-2. 
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......Table 3.6.12-1. Summary of chemical analyses ofgroundwater in the Dunn Center area. Vol 
~ 

Number Specific 

Stratigraphic Water Analysis of Ca Mg Na K RC03 C03 a S04 Conductance TDS 
Unit Type Group Samples Statistic mg/1 mg/l mg/l mg/I mg/I mg/1 mg/I mg/l Mmhos/cm mg/I pH 

Coleharbor 
NaHC03S04 IX 39 x 62 25 469 7.9 748 0.8 4.7 577 2116 1292 8.0 

s 36 15 228 4.1 187 0.0 3.8 389 830 546 0.2 

NaCaHC03S04 In 7 x 141 41 239 7.4 420 0.0 2.5 454 1436 681 7.8 

58 16 68 2.7 150 0.0 2.4 179 307  0.3 

CaNaS04 VI 5 x 296 III 320 15 544 0.2 5.0 1464 2529 1280 7.7 

s ]43 43 ]66 6.4 126 0.0 5.6 649 785 -- 0.4 

CaMgHC03S04 II 5 x 115 49 47 6.3 430 0.0 4.3 260 985 790 7.9 

s 54 30 27 2.7 179 0.0 3.9 43 502 396 0.2 

CaHC03 V 2 x 72 18 11 2.8 282 0.0 6.2 192 519  7.8 

NaS04 VII 2 x 267 276 1530 40 974 0.0 19 4691 8407  7.7 

B Lignite 
NaS04 VII 2 x 149 141 952 34 771 0.0 0.0 2895 5288 - 7.6 

NaS04HC03 VIII 1 42 28 842 14 987 0.0 10 1000 3474  8.0 

NaCaHC03 I 1 43 16 63 1.5 415 0.0 22 38 4531  6.8 

A Interval 
MgCaNaHC03S04 II 7 if 42 22 31 14 179 0.0 4.1 96 676 - 7.3 

20 16 23 20 123 0.0 3.4 84 503  0.4 

NaMgS04 VII 2 if 318 373 846 18 313 0.0 59 3445 5577 - 7.0 
8.2NaS04HC03 VIlI 1 43 3.9 852 16 1054 0.0 2.0 992 3563 

A Lignite 
7.5CaNaS04HC03 V 6 x 127 40 104 6.8 221 0.0 10 494 1008 
0.3s 56 23 18 1.2 38 0.0 11 162 198 -

NaS04 vn 5 x 126 52 1144 20 682 0.2 14 2350 4876 - 7.8 

s 66 37 464 7.8 369 0.0 16 998 2112  0.4 

CaMgHC03 II 2 x 86 38 23 3.1 329 0.0 1.0 149 739 559 7.0 

NaHC03S04 IX 2 x 38 12 325 11 456 0.0 11 315 1416 - 7.5 

NaHC03 Xl 2 x 8.4 0.8 581 6.0 1478 2.6 8.6 105 2002  8.4 

Dunn Center 
Interval 

8.2NaHC03S04 IX 3 x 29 11 610 14 708 1.6 7.1 825 2415 
s 17 l4 103 3.4 9.5 0.0 9.5 182 351 -- 0.3 

NaCaMgHC03S04 II 2 x 67 40 89 9.4 318 0.0 19 174 1029 - 7.9 

NaCaMgHC03 I 1 24 16 52 2.4 249 0.0 0.0 44 470 256 7.2 

--" - .. ~ _----'. 



Table 3.6.12-1. Summary of chemical analyses ofgroundwater in the Dunn Center area. -Continued 

Stratigraphic 
Unit 

Water 
Type 

Analysis 
Group 

Number 
of 

Samples Statistic 
Ca 

mg/I 
Mg 

mg!1 
Na 

mgt] 
K 

mg!1 
HC03 
mg!1 

C03 
mg/l 

C] 

mgt) 
S04 
mg/l 

Specific 
Conductance 
Mmhos/cm 

IDS 
mgt] pH 

Dunn Center 
Bed 

E Interval 

E Lignite 

F Interval 

F Lignite 

NaCaHC03S04 

NaHC03S04 

CaMgS04 

NaHC03 

NaS04 
NaCaHC03 
NaMgS04 

NaS04HC03 

NaS04 
NaHC03S04 

NaHC03S04 

NaCaHC03S04 

NaHC03S04 

NaS04 HC'03 
NaMgS04 

NaHC03S04 

NaS04 
NaMgS04 

III 

IX 

V 

XI 

VllI 
1 

VII 

IX 

VII 
II 

IX 

JI1 

X 

IV 
Vli 

X 

VII 
VII 

19 

8 

7 

5 

1 
1 
1 

6 

2 
1 

20 

5 

7 

2 
1 

20 

2 
I 

x 
s 

X-
s 

X-

if 

X" 

x: 

x: 
s 
x 
s 

x 
s 

X" 

if 

x 

91 
45 
46 
22 

233 
112 

6.2 
5.1 

31 
26 

283 

26 
18 
57 
97 

25 
15 

173 
68 

15 
5.9 

77 
415 

16 
16 

175 
319 

36 
15 
21 
13 
72 
34 
4.7 
4.1 
8.7 

16 
484 

5.1 
3.0 

121 
41 

11 
14 
38 
]2 

3.8 
3.4 

38 
228 

5.0 
4.4 

141 
326 

155 8.1 357 
127 3.8 88 
454 15 781 
131 9.4 184 
80 6.2 293 
35 1.3 132 

504 17 934 
185 16 343 
900 12 1018 
53 2.3 249 

1820 14 728 
-----_.

650 12 930 
84 3.5 164 

2008 25 916 
246 8.5 444 

630 11 865 
206 6.0 244 
240 7.4 626 

93 1.6 162 

692 16 1011 
171 15 149 
479 9.8 662 
591 12 760 

582 5.4 971 
139 4.1 262 
945 26 462 
789 21 749 

0.7 4.6 
0.0 4.1 
2.0 6.3 
2.8 6.3 
0.0 29 
0.0 18 

34 5.4 
49 2.1 

3.6 18 
0.0 1.6 
0.0 239 

----

5.2 7.0 
5.1 2.6 
0.0 5.5 
1.2 0.0 

5.1 7.8 
8.0 9.6 
0.0 34 
0.0 24 

23 8.8 
49 5.0 
0.0 18 
0.0 47 

8.8 5.2 
9.7 6.2 
0.0 125 
0.0 309 

408 
303 
458 
117 
732 
350 
255 
223 

1640 
46 

5210 
- -

722 
254 

3665 
248 

718 
567 
444 
143 

547 
278 
855 

2640 

479 
282 

2449 
2250 

1533 
1623 
2011 
452 

1613 
462 

1884 
655 

3641 
442 

10000 

2540 
386 

7185 
1122 

2455 
817 

1540 
491 

2531 
560 

2040 
5220 

2257 
320 

4154 
5820 

1243 
748 

1545 
-
1742 

191 
575 
-
-

274 
1990 

1555 
671 

-
-

-
-
1653 
-

-
-
-
4880 

1315 
120 

-
-

7.4 
0.5 
8.1 
0.4 
6.7 
0.3 
8.6 
0.6 
8.4 
7.9 
7.3 

8.4 
0.2 
8.0 
8.3 

8.2 
0.4 
7.4 
0.4 

8.6 
0.4 
7.5 
7.9 

8.3 
0.3 
7.4 
7.4 

~ 

~ 
lJ1 



I-"Table 3.6.12-1. Summary ofchemical analyses ofgroundwater in the Dunn Center area. -Continued v.; 

Stratigraphic 
Unit 

Water 
Type 

Analysis 
Group 

Number 
of 

Samples Statistic 
Ca 

mg/1 
Mg 

mgfl 
Na 

mg/l 
K 

mg/1 
HC03 
mg/1 

C03 
mgt! 

C! 
mgt! 

S04 
mg/l 

Specific 
Conductance 
Mmhos/cm 

TDS 
mg/l pH 

0\ 

G Lignite & 
Interval 

H Interval 

H Lignite 

11nterval 

J Lignite 

N Interval & 
Lignite 

NaHC03 

NaS04 HC03 
NaCaMgS04 
NaS04HC03 

NaHC03S04 

NaHC03 

NaHC03S04 

CaMgS04 

NaHC03S04 

NaCaS04 HC03 

NaHC03 
NaMgS04 
NaHC03S04 
NaS04HC03 

NaHC03 

Xl 

IV 
VI 
IX 

VIII 

Xl 

IX 

V 

X 

VI 

XI 
VI 
IX 
10 

XI 

5 

2 
2 
1 

3 

15 

9 

1 

5 

1 

2 
1 
1 
1 

5 

X 
s 
x 

" 

x 
s 

x 
s 
x 
s 

x 
s 

x 

x 
s 

13 
8.2 

60 
176 

8.0 

43 
37 

15 
9.6 

19 
12 

244 

24 
14 

207 

21 
115 

87 
143 

12 
8.1 

2.7 
3.4 

38 
48 

2.9 

21 
17 

3.6 
4.2 
6.1 
3.0 

102 

8.6 
7.1 

58 

1.2 
161 

15 
56 

3.7 
2.9 

709 
239 
312 
234 
662 

749 
145 

641 
111 
716 

93 
137 

719 
76 

388 

800 
478 
550 
410 

743 
III 

5.9 
1.0 

12 
12 
5.0 

8.2 
5.0 

8.7 
5.0 

10 
4.8 
7.9 

9.5 
5.8 

24 

13 
53 
13 
20 

13 
5.4 

1025 
260 
480 
278 
582 

1109 
280 

1367 
258 

1034 
18B 
271 

1217 
323 
586 

2072 
488 

1027 
759 

1632 
523 

6.6 
9.1 
0.0 
0.0 
0.0 

2.0 
0.0 

2.8 
7.9 

13 
5.1 
0.0 

5.5 
0.0 
0.0 

18 
0.0 
0.0 
0.0 

25 
25 

5.6 
2.2 

17 
7.0 
3.5 

4.3 
1.5 

18 
14 
9.3 
7.4 

15 

10 
6.8 
3.0 

36 
9.5 

13 
20 

33 
25 

262 
59 

555 
974 
874 

868 
238 

189 
90 

792 
395 

1040 

562 
316 

1098 

221 
1575 
704 
720 

55 
66 

2065 
196 

1616 
2039 
1722 

3128 
540 

2272 
289 

2955 
499 

2000 

2868 
282 

2384 

2923 
2974 
2435 
2220 

2720 
393 

2385 
-
-
-_. 
-
-

-
-
-
-
1670 

-
-

-
-
-
-

1990 
-

8.4 
0.2 
7.3 
6.6 
8.1 

8.1 
0.2 

8.5 
0.3 
8.3 
0.2 
6.6 

8.2 
0.4 

8.3 
8.3 
8.3 
8.3 

8.8 
0.2 

) . 
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Figure 3.6.12-17 Plot of mean values of the ratios Na+K/Ca+Mg to HC03+C03/S04+Cl of groundwater in the Dunn Center 
area grouped by water type and by stratigraphic unit. The analysis gIOUP is shown by Roman numerals. 
The analYses are summarized in table 3.6.12-1 and their distribution is shown in figures 3_6.12-18 to -25. 

(CaNa)HC03 type water with a mean 
Na-HC03 content of 50-82. One sample 
from the B-lignite has a specific 
conductance of 4531 and a pH of 6.8. The 
other two samples from the Dunn Center 
interval and Dunn Center bed have a mean 
conductivity of 456 and pH of 7.6. 

The analyses in Group I are scattered 
in the northern and central part of the 
project area. These samples reflect wHer 
that has been recharged almost entirely 
through sand, so very little dissolved 
mineral matter has entered the water. A 
further requirement may be recharge 

directly into the aquifer without passing 
through a soil zone. There are too few 
samples in the group to permit any 
meaningful generalizations about the origin 
or significal\ce of this type of water. 

Group II consists of 17 samples of 
Ca(HC03S04) type water, with a mean 
Na-HC03 composition of 27-58, from 5 
units, the Coleharbor Formation, 
A-interval, A-lignite, Dunn Center interval, 
and E-interval (fig. 3.6.12-17). The sodium 
content of the group ranged from a mean 
of 0.13 for 2 samples from the A-lignite to 
0.58 for a single sample from the 
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li-interval. The bicarbonate content varied 
from a mean of 0.56 for 2 samples from 
the A-interval and 5 samples from the 
Coleharbor Formation to a mean of 0.63 
for 2 samples from the A-lignite. The 
electrical conductivity of samples in Group 
II was 842 micromhos/cm and the pH was 
7.6. There is a slight tendency toward an 
increase in conductivity and pH with 
increasing sodium content. This increase in 
sodium, conductivity, and pH is roughly 
related to stratigraphic position. The 
sample with the highest conductivity, pH, 
and sodium content is in the lowest unit, 
the E-interval. The samples with the lowest 
conductivity, pH, and sodium content are 
in the A-interval, A-lignite, and A-lignite, 
respectively. 

The distribution of analyses in Group 
II is shown in figure 3.6.12-18. Except for 
2 samples from sandy valley fills south of 
Dunn Center and along Spring Creek, all 
samples of this relatively fresh 
Ca(HC03S04) type water were collected in 
the northern part of the area high in the 
stratigraphic section. They reflect recharge 
through calcareous glacial sediment of the 
Coleharbor Formation and sandy sediment 
in the upper part of the Sentinel Butte 
Formation. 

Group III consists of 34 samples, with 
a mean Na-HC03 composition of 49-47, 
from 4 units, the Coleharbor Formation, 
Dunn Center bed, E-lignite, and ]-lignite. 
The sodium content varies from a mean of 
47 for 7 samples from the E-lignite to 61 
for a single sample from the ]-fignite. The 
bicarbonate content varies from a mean of 
42 for 7 samples from the Coleharbor 
Formr.tion to a mean of 50 for 7 samples 
from the E-lignite. The mean electrical 
conductivity and pH of this (CaNa) 
(S04HC03) type water are 1535 
micromhoslcm and 7.5, respectively. As in 
Group II, there is a slight tendency toward 
an increase in pH and conductivity with an 
increase in sodium. 

An alyses In this group are 
concentrated in 2 areas, ill the 
north-central part of the area and in the 
central part of the area along the partly 
buried meltwater channel beneath the 
proposed plant site (fig. 3.6.12-19). The 
analyses in the northern part of the project 

area are generally from wells situated along 
th e small stream valley that flows 
southeastward to join Spring Creek. They 
are thus lower in the landscape than the 
wells in Group II which are generally 
located on the higher divide areas east and 
west of this drainage. Like the analyses in 
Group II, these analyses are from wells high 
in the stratigraphic section. The higher 
sodium and sulfate content of analyses in 
Group III is believed to reflect recharge 
through the floor of valleys eroded below 
the upland level. In these valleys the thin 
veneer of calcareous glacial sediment has 
been removed, so a continued supply of 
ea2+ ions is not present. As is discussed 
below, gypsum is concentrated by surface 
water in depressional areas producing a 
source for sulfate ions. 

Group IV consists of 2 analyses each 
from the F- and G-intervals. The mean 
Na-HCOJ composition is 72-38, making the 
water a N a( S04HC03) type. The 
conductivity ranges from 1616 to 2039 
with a mean of 1828 micromhos/cm. The 
pH is 7.4. 

There are too few analyses in this 
group to permit any meaningful 
generalizations about their distribution or 
origin. 

Group V consists of 18 analyses of 
easo4 type water from 4 stratigraphic 
units, Coleharbor Formc:tion, A-lignite, 
Dunn Center bed, and H-lignite. The mean 
Na-HCOJ composition of the group is 
22-21, but individual values range from a 
mean of 10-16 for 2 samples from the 
Coleharbor Formation to a mean of 33-21 
for 6 samples from the A-lignite. The mean 
electrical conductivity and pH are 1211 
and 7.1, respectively. Nine samples from 
the Dunn Center bed and 1 from the 
H-lignite had pH values of 6.7 and 6.6, 
respectively. 

The distribution of analyses in Group 
V is very similar to that in Group III (fig. 
3.6.12-20). Most of the analyses are from 
the center of the northern part of the area 
along the small stream valley that flows 
southeastward into Spring Creek. A small 
group of samples occurs in the central part 
of the area along the buried valley west of 
the proposed plant site. In general, samples 
from Group V are from a higher 
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stratigraphic position than those in Group 
III in the same area (figs. 3.6.12-19 and 
-20). On the basis of these observations, the 
analyses from Group V appear to represent 
water within the same origin and history as 
those in Group Ill. Those in Group V are 
shallower and have been recharged more 
recently than those in Group III. They 
reflect a build-up of gypsum in the valley 
floors over time. 

Set II contains 9 samples in Group VI. 
They consist of (CaNa) S04 type water 
from the Coleharbor Formation, G-interval, 
I-interval, and J -lignite. They are 
characterized by a mean Na-HC03 
composition of 42-31, mean electrical 
conductivity of 2453 micromhos/cm, and a 
mean pH of 7.5. They form a group of 
mediwn conductivity, low to medium pH 
waters. These samples have been separated 
from those in Group V because of their 
mean conductivity, which is greater than 
2000 micromhos/cm. 

The higher sodium content of the 
samples in Group VI relative to Group V 
may reflect the absence of excess calcium 
ions because of the absence of calcareous 
glacial sediment in the southern part of the 
area, where these samples are concentrated 
(fig. 3.6.12-21). It is more likely, however, 
that it reflects greater cation exchange 
during recharge through the silty and 
clayey sediment that is more abundant in 
the Sentinel Butte Fonnation in the 
southern part of the area. 

Set III is composed of 15 analyses 
from a single group, Group VII. These 
analyses are from the Coleharbor 
Formation, e-lignite, B-lignite, A-interval 
and lignite, E-interval, and F-interval and 
lignite. These analyses are characterized by 
high salinity, mean electrical conductivity 
of 6100 micromhos/cm, and a medium pH 
of 7.7. The group ranges from a 
composition of CaS04, a Na-HC03 content 
of 19-02, for 1 sample from the C-lignite to 
NaS04, a mean Na-HC03 content of 
87-16, for 2 samples from the E-interval. 
The mean Na-HC03 content of the group is 
62-14, a (NaCa)S04 type water. 

Most of the analyses in this group are 
from the central part of the project area. A 
few are located near Lake 110, along Spring 
Creek and its tributaries, and near Marshall 

Slough (fig. 3.6.12-22). Nearly all these 
samples are from shallow wells situated in 
areas where leakage of evaporitic surface 
water into the aquifer is possible. The 
analyses near Lake 110, the projected plant 
site, and Marshall Slough are in areas where 
180 and T data indicate that evaporitic 
surface water is penetrating into aquifers 
(sees. 3.6.9, 3.6.10, 3.9). A nwnber of 
analyses are from the A-lignite, near its 
outcrop south and southeast of the 
proposed plant site (fig. 3.6.12-22). It is 
not known whether these analyses reflect 
an increase in salinity near a groundwa.ter 
discharge area (zone 11, fig. 2.4.2-1) or 
recharge of saline surface water for areas of 
temporary ponding in side-slope positions 
(zone III, fig. 2.4.2-1). 

Set IV consists of a small group of 6 
analyses in Group VIII from the B-lignite, 
A-interval, Dunn Center bed, and 
H-interval. These samples are characterized 
by high salinity, mean electrical 
conductivity of 3344 micromhos/cm, and 
high pH of 8.2. The mean Na-HC03 
composition of this group of 
Na(S04HC03) type water samples is 
91-45. This group differs from Group VII 
by having a lower salinity, higher pH, 
sodium, and bicarbonate content, 

These samples have a distribution 
similar to that of Group VII and probably 
also represent recharge of slightly 
evaporated surface water. 

The largest set of analyses make up 
Set V, which consists of 154 analyses in 3 
groups (fig. 3.6.12-17). The set is 
characterized by medium salinity, Mean 
electrical conductivity was 2315 
micromhos/cm, and a high pH of 8.2. The 
mean Na-HC03 composition of the set is 
90-60. Composition of waters in the set 
ranges from Na(HC03S04), with a mean 
Na-HC03 composition of 86-50 from 
Group IX, to NaHC03, with a mean 
Na-HC03 composition of 96-83 for Group 
XI. The pH generally tends to increase as 
the bicarbonate content increases. 

Group IX consists of 88 analyses from 
the Coleharbor Fonnation, A-interval and 
lignite, Dunn Center bed and interval, 
E-interval and lignite, H-lignite and 
]-lignite. The mean Na-HC03 content of 
the Na(HC03S04) type water making up 



143 
R83W R.2W R8aw R9'1w 

T"147N 

+T~8N 

E"CE = 2453 pmho/cm 
pH = 7,5 

No - HC0 = 42-213 

0 'I a :31 

'MILES 
0 'I 2 :31 
IiiiiiiiII iiiiiiiOiil to( ILOMETER9 

T'14S + ++ 

NCB 

NDB 

ND 1100 

..L or .L ,. 
·C 

. 
\J ·e 

~ 
.J Ie ··G 

T"I4!SN 

T't4~N + 
T143N 

RSCSW ~4W Rp4W RB3\N RB3W ABaw 
Figure 3.6.12-21 Location and stratigraphic pO!lltion of groundwater samples in chemical analysis group VI. Dunn Center 

area. See figure 3.6.12-17 for explanation of symbols. 



I

144 

T.,4&N 

T"'4'N + 

R83W Ra:aW 

I

I 

I 

++ 

eA 

+ 

NO ~oo 

.L or ~ 

EIe 

\)eA 
.eEl . 

Se eB 

d 
AAe 

AeeA eAI 

+ 

R8t5W R.4W RliiI4\N R1a3\N ~S3\N R9;ZVV 

Figure 3.6.12-22 Location and stratigraphic position of groundwater samples ill chemical analysis group VII, Dunn Center 
area. See figure 3.6.12-17 for explanation of symbols. 

T"~N 

T.,43N 

·iEC'E = 6100 umho/cm 

pH=7.7 
No-HC0 =62-143 

o ., 2 :3 
~!_;iiii~~"S;;_~!MILES 
o ., 2 :3 
~ KILOMETERS 



this set is 86-50. The electrical conductivity 
has a mean value of 2296 micromhos/cm 
and the mean pH is 8.1. 

Samples in this group are spread 
throughout the project area (fig. 
3.6.12-23). Many samples are concentrated 
along the Spring Creek valley, the buried 
meltwater channels southeast of Lake lIo, 
southeast of the proposed plant site, and 
around Marshall Slough, and along the 
tributary to Spring Creek that flows 
southeastward from the north-central part 
of the project area. The distribution of 
these samples in Group IX is very similar to 
that of samples in Group III. Group IX 
differs from Group III in having a higher 
sodium content and greater salinity and 
pH. The waters in Group IX are believed to 
have the same origin as those in Group III 
differing only in that they were recharged 
through silty and clayey sediment 
permitting greater ion exchange of Na+ for 
Ca2+. Other sampIes occur in settings in 
the southern part of the area analogous to 
those in Group II in the northern part of 
the area. These samples in Group IX reflect 
recharge through upland sites underlain by 
silt and clay in the upper part of the 
Sentinel Butte Formation. 

Group X consists of 32 analyses of 
Na(HC03S04) type water from the 
F-incerval and lignite and the I-interval. The 
mean Na-HC03 content of these analyses is 
95-61. The mean electrical conductivity is 
2412 micromhos/cm and the mean pH is 
8.4. 

Th e analyses in Group X are 
concentrated along buried meltwater 
channels beneath and southeast of the 
proposed plant site and southeast of Lake 
110 and along Spring Creek between Dunn 
Center and Werner in the area where wells 
in the F-lignite flow at the surface (fig. 
3.6.12-24). These analyses are believed to 
reflect water that has encountered 
sufficient silt and clay for nearly all the 
ea2+ ions to have been replaced by ion 
exchange with Na+ ions. The concentration 
of analyses of Group X along meltwater 
trenches reflects recharge through the low 
lying areas where sulfate is concentrated by 
surface water (sec. 3.10). The significance 
of the sulfate in the flowing wells is not 
known. 
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Group XI consists of 34 analyses of 
NaHC03 type water, which had a mean 
Na-HC03 composition of 96-83, from the 
A-lignite, Dunn Center bed, G-interval, 
H-lignite, J-lignite, and H-interval and 
lignite. The mean conductivity was 2274 
micromhos/cm and the mean pH was 8.5. 

These analyses are distributed, more 
or less uniformly throughout the project 
area (fig. 3.6.12-25). The absence of 
analyses in this group in the northern part 
of the area reflects the absence of wells in 
the deeper part of the flow system. These 
analyses generally reflect water that was 
recharged beneath upland areas where 
sulfate concentrations were not especially 
great. The water has passed through 
sufficient silt and clay for nearly all the 
Ca2+ ions to be replaced by ion exchange 
by Na+ ions (sec. 3.10). 

3.6.13 Summary of 
Groundwater-Flow System 

The Dunn Center area extends from 
the upland divide between the drainage 
basins of the Knife River and Spring Creek 
across nearly the entire Spring Creek valley 
to within about 2 miles of the drainage 
divide with the Little Missouri River. Most 
of the project area is characterized by 
downward moving groundwater and 
therefore is a groundwater recharge area. 
Even the floors of the major glacial 
meltwater valleys cutting across the project 
area are foundwater recharge areas 
characterize by downward hydraulic 
gradients. Only in limited areas along the 
bottom land of Spring Creek is the 
hydraulic gradien t upward. 

The hydraulic conductivity of the 
lignite and sand beds that comprise the 
aquifers in the area is several orders of 
magnitude greater than that of the silt and 
clay confining beds. As a result, the 
groundwater-flow system has a strong 
anisot'ropy characterized by nearly vertical 
flow, which is nearly everywhere 
downward, in the confining beds, and 
nearly horizontal flow, toward the nearest 
outcrop, in the aquifers. Most of the 
material making up the Sentinel Butte 
Formation above the Dunn Center bed in 
the project area is silt. As a result, over 
most of the area the rate of groundwater 
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recharge is slow. In most of the area, the 
small amount of water that percolates 
downward is removed from the system by 
lateral migration along lignite beds, which 
lie above the Dunn Center bed, to springs 
and seeps at their line of outcrop. Most of 
this water is then lost by 
evapotranspiration or as runoff. A small 
proportion of this water reenters the 
groundwater-flow system through the 
floors of the major glacial-meltwater 
valleys. 

In some parts of the area, nearly the 
entire thickness of the overburden above 
the Dunn Center bed consists of sand. In 
these places, groundwater recharge is much 
more effective. The rate of downward flow 
is greater and greater quantities of water 
are delivered deeper in to the system. Most 
of this water is also discharged within the 
Spring Creek basin by lateral flow in and 
seepage from the lignite beds that outcrop 
in the area. Because of the greater recharge 
rate in these areas underlain by sand, more 
water is delivered to the Dunn Center bed 
than can be discharged in the area. Some of 
this water flows eastward down the 
regional gradient, and some moves 
downward toward deeper aquifers below 
the Dunn Center bed. Because these deeper 
aquifers, lignite and sand beds in the 
Sentinel Butte Formation, do not outcrop 
in the project area, groundwater flow is 
northward toward the Little Missouri 
valley, southward toward the Knife River 
valley, and eastward toward the regional 
discharge area along the Missouri River. 

In general, the hydraulic head in the 
permeable fill in the glacial-meltwater 
channels is higher than in the adjacent 
aquifers in the Sentinel Butte Formation. 
However, only in the area around Lake Ilo 
on the western edge of the project area is 
there evidence that groundwater is flowing 
from the valley fill sediment in to aquifers 
in the Sentinel Butte Formation. In this 
area, 180 and 3H(T) data indicate that 
aquifers as much as 150 feet below the 
Dunn Center bed are being recharged with 
lake water that has flowed downward 
through the valley ftll sediment. 

Eight major and three minor groups of 
water types have been delineated on the 
basis of major-ion chemistry. Each group 

occurs in a certain setting and reflects a 
different recharge history. 

Three groups dominate the shallow 
groundwater regime in the northern part of 
the project area. Group II consists of very 
fresh Ca(HC03S04) type water that has 
recharged primarily through uplands 
underlain by calcareous glacial sediment 
and sandy sediment in the upper part of 
the Sentinel Butte Formation. Group V 
consists of moderately fresh CaS04 type 
water that was recharged through low areas 
in the landscape surrounded by calcareous 
glacial sediment and sandy sediment in the 
upper part of the Sentinel Butte 
Fonnation. Group III consists of (CaNa) 
(S04HC03) type water that is slightly 
more saline than the water in Group V. The 
water in Group III is found in the same 
locations as that in Group V except that it 
is slightly deeper in the system. It is 
believed to reflect the same recharge 
history . 

Three major and one minor groups 
dominate the shallow groundwater regime 
in the southern and central parts of the 
project area. Group VI is made up of 
(CaNa) S04 water that is moderately 
saline. This water recharged through low 
areas where gypsum was concentrated by 
surface water and then through silt and 
day. Group VI is analogous to Group V in 
the southern part of the area. Group IX 
consists of Na(HC03S04) type waters that 
are moderately saline. This group 
r e presen ts water that was recharged 
through uplands underlain by silty and 
clayey sediment of the Sentinel Butte 
Formation, analogous to Group II in the 
north, and through valley bottom sites 
underlain by silt and clay, analogous to 
Group III in the north. Group VII and VIII 
are highly saline (NaCa)S04 and 
Na(S04HC03) type waters, respectively, 
that represent recharge to shallow aquifers 
of evaporitic surface water. The samples of 
Group VII were more strongly evaporated 
than those in Group VIII. 

Two groups of analyses are found in 
the deeper part of theroundwater regime. 
Group X consists 0 moderately saline 
Na(HC03S04) type water that reflects 
recharge through the lowlands in which 
gypsum has been concentrated by surface 
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water. Group XI consists of moderate~y 
saline NaHC03 water. Some of the water tn 
this group, such as that in the N.lignite, was 
recharged outside the project area 
sufflciently long ago that its present 
chemistry may reflect little about its origin. 
The same may be true for other samples 
from the J-lignite and H-lignite. 
Alternatively these latter samples and those 
from higher in the section that fall in this 
group may reflect recharge through uplands 
that contained very little gypsum followed 
by flow through enough silt and clay to 

alter their cation content to its present high 
sodium content. 

3.7 Groundwater Use and Supplies 

About half a dozen water wells in the 
Dunn Center area are completed in the Fox 
Hills or Hell Creek aquifers. These include 
the municipal water well in Halliday, the 
newly completed and as yet not producing 
municipal water well in Dunn Center, and 
several flowing stock wells north of the 
project area in the breaks along the Little 
Missouri River valley. The rest of the 
producing water wells in the Dunn Center 
area are completed in coal or sand beds in 
the upper part of the Sentinel Butte 
Formation or in sand or gravel of the 
Coleharbor Formation. 

The wells completed in the 
Coleharbor Fonnation and each of four 
intervals in the Sentinel Butte Formation 
are summarized on a series of maps, figure 
3.7-1, Coleharbor Formation, figure 3.7-2, 
A-lignite and above, figure 3.7-3, Dunn 
Center bed and interval, figure 3.7-4, 
E-interval and F-interval including the 
lignites, and figure 3.7·5, G-interval and 
H-interval including the lignites. Table 
3.7-1 summarizes the wells completed in 
each of these intervals and indicates the 
number of stock, domestic, and dual 
purpose wells in each. 

Estimated water usage in the Dunn 
Center area is summarized on table 3.7-2. 
The individual requirements for water 
usage were derived from tables presented 
by Klausing (1974, p. 60) and Armstrong 
(1971, p. 78). The population figures were 
estimated from data for Dunn County. The 
Dunn Center project area comprises 172 

Table 3.7-1. Summary of water wells 
in the Dunn Center area by stratigraphic 
position and water use. 

Dual· Total Percent 
Stratigraphic 

Unit 
Domestic 

Wells 
Stock 
Wells 

Purpose 
Wells 

Wells 
in Use 

of Total 
Wells 

Coleharbor 
Formation 2 5 2 9 5.5 

C-Interval 
and Lignite 2 2 1.2 

B-Interval 
and Lignite 2 I 3 1.8 

A-Interval 1 1\ 3 15 9.2 
A-Lignite 5 10 4 19 11.7 
Dunn Center 

Interval 4 6 10 6.1 
Dunn Center 

Bed 12 29 14 55 33.7 
E-Interval 

and Lignite 2 9 8 19 11.7 
P-Interval 

and Lignite 5 7 5 17 10.4 
G-Interval 

and Lignite 2 3 1.8 
H-lnterval 

and Lignite 2 5 2 9 5.5 
I-Interval 

and Lignite 1 0.6 
I-Interval 

and Lignite 0.6 

Total 35 88 40 163 

square miles, about 8.1% of the area of 
Dunn County. The agricultural census data 
for the county (Price and Vossen, 1975) 
were reduced to 8.1% of the county values. 
The population of the county, determined 
from the 1970 census, was decreased by 
the population of the towns in the county 
to determine the rural population. This 
figure was reduced to 8.1%, and the 
population of Dunn Center and Werner 
were added to this figure to give an 
estimate of the population of the project 
area that is using shallow groundwater. 

Table 3.7-2. Estimated groundwater 
use in the Dunn Center area. 

Population 
Individual in 

Requirements Project Daily Use 
Use (gpd) Area (gpd) 

Domestic 70-100 412 28,840-41,200 
Cattle 15 9,070 136.050 
Dairy 

Cows 35 202 7,070 
Hogs 5 389 1.945 
Sheep 1.5 194 291 
Chickens 0.1 825 IU.5 

174,278.5-186,638.5 
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Figure 3.7-1 Map of weUs producing water from aquifers in the Coleharbor Formation and B- and C-lignites and intervals in 
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These population figures were then 
multiplied by the daily water use figures to 
give the estimates of total groundwater 
consumption presented in table 3.7-2. 

3.8 Groundwater Quality 

In this section, the results of the 
chemical analyses of samples from UND, 
Water Commission, and farm wells are 
appraised in terms of the use suitability of 
the water. Chemical analyses of Water 
Commission and farm wells provided by 
the u.s. Geological Survey are also used as 
part of the data base. All of the data are 
listed, along with information on the wells 
and stratigraphic position, by Moran and 
others (1976, app. C-I, IV, V,XI). Fossum 
(1976) discusses the water quality aspects 
of the area in greater detail. The data are 
summarized in stratigraphic groupings in 
table 3.6.12-l. 

The drinking water standards set by 
the u.s. Public Health Service (1962) are 
used to appraise the water chemistry in 
terms of its suitability for human 
consumption. The drinking water standards 
are summarized in table 3.8-1. In terms of 
drinking water quality, the distinctive 
features of the groundwater in the Sentinel 
Butte Formation are (1) almost all well 

Table 3.8-1. Summary of u.s. Public 
Health Service (962) standards for 
drinking water quality. 

Recommended 
Constituent Limit 1962 

Total Dissolved Solids 500 
Fluoride 0.8-1.7 c 

Manganese 0.05 
Iron 0.3 
Chloride 250 
Sulfate 250 
Nitrate 45 

c=Dependent on annual average maximum daily air 
temperature over not less than a 5-year period. 

samples have sulfate concentrations 
considerably above the recommended limit 
of 250 mg!l, (2) the total dissolved solids 

are almo st invariab ly ab ove the 
recommended limits of 500 mg!l, (3) 
many well samples have manganese 
con c e n t rations that exceed the 
recommended limit of 0.05 mg/I, (4) a few 
farm well samples have nitrate 
con ce n trations that exceed the 
recommended limit of 45 mg!1, (5) a 
significant number of samples exceed the 
recommended limit of 0.7 mg!l at 100 C 
for fluoride, and (6) all other dissolved 
constituents for which data are available 
are below the recommended limits. It 
Should be noted that the comments on 
manganese and fluoride are based only on 
the chemical data made available from the 
U.S. Geological Survey and six UND 
analyses of farm wells. However, it appears 
that these analyses are sufficient to at least 
draw attention to the significant 
occurrence of manganese and fluoride 
excess but not sufficient to adequately 
indicate the areal extent and stratigraphic 
control on the occurrence. Except for 
fluoride and nitrate, the other constituents 
that exceed the recommended limits 
generally do not seriously limit the use of 
the water for drinking water purpose. The 
recommended limits are llSual1y interpreted 
as a guideline to suggest that if alternative 
drinking water supply that is closer to or 
within the limits is available, it would be 
more suitable for use on the basis of these 
water quality considerations. In a very large 
part of the American and Canadian Interior 
Plains Region, farm wells yield water that 
exceeds the recommended sulphate and 
total dissolved solids limits. The Dunn 
Center area is in no way unique in this 
regard. According to Camp (1963) the low 
limit placed on manganese in the Drinking 
Water Standards has no health significance 
and is a result of properties that relate to 
manganese precipitate problems in water 
distribution systems. The occurrence in 
so me wells of fluoride and nitrate 
concentrations that exceed the 
recommended limits is more significant. 
Excess fluoride, according to the U.s. 
Public Health drinking water standards 
"shall constitute grounds for rejection of 
the supply." Nitrate concentrations that 
exceed the recommended limits present a 
health hazard to infants. The cause of high 
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nitrate concentrations in well water in the 
Dunn Center area is poor well construction. 
The source of the nitrate is normally 
animal or human wastes that cause 
contamination of surface water or soil 
water with subsequent leakage into poorly 
constructed wells along the outside of the 
well casing. Some shallow dug wells have 
direct entry through leaky well covers. The 
general absence of high nitrate 
concentrations in the natural groundwater 
flow system is established by the results 
from the UND wells which indicate no 
nitrate values above 6.8 mg/1. 

In terms of sulfate concentration, the 
Bullion Creek and Fox Hills-Hell Creek 
aquifers contain water that is below the 
maximum limits for drinking water 
recommended by the U.S. Public Health 
Service, and therefore in this regard is 
generally of better quality than Sentinel 
Butte or Coleharbor water. However, the 
fluoride concentrations in these deep 
aquifers on the basis of the limited data 
available is generally above the 
recommended limits. The two Fox Hills 
wells near the study area (located 3 miles 
north of the study area and at Halliday) 
have fluoride concentrations of 3.7 and 6.7 
mgll, which is yeatly above the 
recommended limit 0 1.7 mg/l at 100e. 
Fluoride concentrations at these levels may 
cause mottled enamel in children's teeth. 
Bone changes may be expected when water 
containing more than 8 mg/l is consumed 
over long periods of time (Camp, 1963). 

The Public Health Service Drinking 
Water Standards give no consideration to 
the suitability of water for livestock, 
irrigation, or industrial uses. Industrial use 
factors will not be covered in this 
discussion, but limited discussion of the 
water chemistry with respect to livestock 
consumption and agricultural use may be 
appropriate. With regard to suitability for 
livestock use, sulfate is the only major 
limiting factor with respect to groundwater 
in the Dunn Center area. The laxative 
effect of water with high sulfate 
concentrations can significantly inhibit 
livestock productivity. Sulfate 
concentrations below about 100 mg/l are 
generally regarded as having no major 
influence on livestock productivity. 

Because the ground waters of the 
Coleharbor, Sentinel Butte, Bullion Creek, 
and Fox Hills-Hell Creek aquifers have 
relatively high electrical conductivity and 
very high sodium concentrations, the 
waters generally rate as poor or unsuitable 
for irrigation on the U.S. Department of 
Agriculture (1954) rating scheme. This 
rating scheme is based primarily on the 
sodium adsorption ratio of the waters, 
which increased with increasing Na 
concen tration. 

3.9 Surface
 
Water-GrolUldwater Interactions
 

3.9.1 Introduction 
In this section, the available 

information on surface water-groundwater 
interactions is summarized in terms of both 
hydrologic and water-quality 
considerations. Some of the data used here 
have been referred to in preceding sections. 

The significant surface water bodies in 
or very near the study area are Lake 110, 
Marshall Slough, and Spring Creek. There 
are several other minor surface water 
regimes in the area. These include the 
sloughs north and south of UND sites 26 
and 27, and some small pothole sloughs in 
the northern upland. 

3.9.2 Lake 110 
In section 3.6 it was indicated on the 

basis of water level data from the UND 
observation well network and Water 
Commission wells that the hydraulic 
gradien ts in the vicinity of Lake 110 have 
downward components. This statement is 
based on water level readings in the shallow 
wells at UNO sites 44, 47, and 43. The 
locations of UND wells, Water Commission 
wells, and sampled farm wells in the 
vicinity of Lake no are shown in ftgure 
3.9.2-1., which indicates that these three 
sites are located very close to the shore of 
Lake 110. Each of the sites has two 
observation wells. The stratigraphic 
positions of the wells and representative 
water levels are shown in figure 3.6.4-14. 
The downward gradients have been 
identified by comparing the water levels in 
the shallow wells to the water level of Lake 
Ilo, which varied from 2190 to 2189 feet 
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Figure 3.9.2-1 Map of UND, Water CommiSSion, and fann wells near Lake lio. 



above mean sea level during the study 
period. Because the lake levels are higher 
than the water levels in the shallow wells, 
downward flow from the lake into the 
groundwater zone is indicated, at least on 
the eastern side of the lake where the three 
well sites are located. 

An indication of whether or not 
downward gradient components extend 
deeper into the groundwater-flow system 
can be obtained by comparing the water 
levels in the shallow and deeper wells at 
each of the three sites. At site 44, the water 
level in the deep well (112 feet) in the 
G-lignite just below the base of the valley 
fill (fig. 3.6.4-14) varied between 0.7 and 
3.0 feet above the level in the shallow well 
during the observation period of October 
and November. There is, therefore, a 
reversal in the vertical-flow component at 
depth at this site. At site 47, the deep 
Vl?ell (146 feet) also has water levels 
that are higher than the shallow well 
at this site, by as much as 7 feet duri~ 
the observation period. The levels in the 
deep well are even higher than the lake 
level by 2 to 3 feet. At site 43 the deep 
well (38 feet) is Water Commission Well 
4733. Its level varied from 2 feet above to 
the same level as the shallow well. At sites 
45 and 46, however, which are located 
within a half mile of the lake, btlt 
considerably above the lake, the levels in 
the shallow wells are above the lake and the 
levels in the deep wells (205 feet and 191 
feet below ground surface) are much'below 
lake level. 

It is concluded from the hydraulic 
head data from the five well sites along 
cross section G-G' that the flow is 
downward and outward from the lake into 
the shallow groundwater zone and that at 
greater depth the flow pattern is complex. 
Much of the leakage from the lake into the 
shallow groundwater regime is by way of 
lignite beds that crop out in the lake. 
Because of structural warping, both the 
Dunn Center bed and the E-lignite crop out 
below lake level at one place or another. 
Rapid leakage from the lake into deeper 
aq uifers occurs through the buried glacial 
meltwater channel that extends beneath 
the lake (figs. 3.6.4-14, 3.5.1-2). Water 
moves downward through the permeable 
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sand and gravel of the valley fill and then 
laterally into sand or the B- and F-lignites 
and possibly, in some places, into the 
G-lignite. The H-lignite does not appear to 
be connected to Lake 110 and appears to 
have hydraulic heads above lake level. 

Since there are no observation wells 
west, north, and south of the lake it is not 
possible to comment directly on hydraulic 
head distribution in these areas. Indirect 
information is provided, however, from 
180 and tritium data. The locations of 
farm wells near the lake that were sampled 
and analyzed for these isotopes are 
indicated in figure 3.9.2-1. The results of 
these analyses are listed in table 3.9.2-1, 
some of which have been referred to 
previously in section 3.6. Table 3.9.2-1 
indicates that there are farm wells north of 
Lake 110 (No. 75), south (Nos. 68, 69, and 
70) and southeast (81 and 98) that yield 
water at least part of which has originated 
in Lake 110, in the streams that flow into 
Lake flo, or in the sloughs near Lake 110. 

180This conclusion is based on the and 
3H data for these wells. The 180 values are 
all heavier than the normal groundwater 
(Le., heavier than -14 per mille) and most 
of the samples contain high 3H 
concentrations. All of the wells indicated 
above are relatively shallow and therefore 
only establish the movement of surface 
derived water into the shallow groundwater 
zone. Two deeper [ann wells that are close 

180to the lake (Nos. 60 and 72) have 
values in the normal groundwater range and 
a third well in the same area (No. 61) has 
very strongly evaporitic water which is 
defmitely derived from Lake 110. At the 
eastern end of the slough that forms a 
southeastern extension of the lake, one of 
the twO fann wells that were sampled in 
this area (Nos. 81 and 98) is at a depth of 
133 feet and has sl~htly evaporitic water 
and no detectable H. The shallow farm 
well nearby has strongly evaporitic water 
and high tritium. Of the UND wells along 
cross section G-G' that were sampled, only 
the deep well at site 46 and the shallow 
well at site 43 have evaporitic water. 

In summary, the isotope data indicate 
that surface water from Lake Ilo and 
associated water regimes seep downward 
into the groundwater-flow system and that 
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Table 3.9.2-1. Results of oxygen-J8 and tritium analyses of samples collected during 
1975 from UND wells and farm wells located near Lake flo. See figure 3.9.2-1 for location 
ofwells. 

Depth 
Location Owner Date (ft) Strata Oxygen-18 Tritium 

..._---------- -----_._--_.._--
Wells with isotope results indicating water derived at least in part from Lake 110 or adjacent 
surface water regimes. 

144-94-05 BBB Fritz, F. 10-28-75 133 F-Lignite -13.5 Nil 
144-94-05 BBC Fritz, F. 10- 3-75 20 E-Lignite -10.0 192±14 
144-95-02 CBC Mittlestad, R. 10- 8-75 ? ? -12.9 Nil 
145-94-20 DDC 2 Saetz, ]. 10-10-75 40 F-Lignite -12.1 252±13 
145-94-27 BCC Lake 110 8-22-75 130 G-Lignite - 9.4 130±12 

Public Pump 10- 8-75 - 9.2 15±6 
145-94-27 CAB UND 43-1 10-15-75 17 Coleharbor - 9.8 
145-94-30 AAD Hutchinson, D. 10-16-75 20 Coleharbor -14.8 86±10 N.D. 
145-93-21 DCC 1 Murphy, C. 10- 8-75 22 E-Lignite -13.3 21±8 
145-93-21 DCC 2 Murphy, C. 10- 8-75 15 E-Lignite -13.8 99±13 
145-94-34 CAB UND 46-1 10-27-75 190 G-Lignite -13.4 
145-94-34 CCC UND 44-2 10-16-75 140 Coleharbor -14.1 

Wells with isotope results indicating water that is not derived from Lake 11a ar adjacent 
surface water regimes. 

144-94-06 CBB UND 45-1 10-29-75 205 G-Lignite -15.5 
145-94-20 DDC 1 Saetz, ]. 10-10-75 31 F-Lignite -16.2 26±9 
145-94-20 DDC Saetz, ]. 10-10-75 30 F-Lignite -15.7 73±9 N.D. 
145-94-28 ACD Wagner, L. 10- 9-75 83 F-Lignite -15.9 41±14 N.D. 
145-94-28 DCD 1 UND 47-1 10-16-75 146 H-Lignite -16.2 
145-94-28 DCD 2 UND 47-2 10-16-75 61 F-Lignite -15.9 
145-94-28 DDB Lake 110 Natl. 

Wildlife 8-22-75 150 G-Lignite -16.2 Nil 
145-94-30 AAD Hutchinson, D. 10-16-75 106 F-Lignite -16.0 19±12 N.D. 

its depth of penetration deeper into the concentrations and total dissolved solids in 
groundwater regime is highly variable from Lake 110 are relatively low. The electrical 
place ta place. Some of the relatively deep conductivity in Lake no varies between 
wells that show isotopic evidence of 650 and 800 micromhos. The water in 
evaporitic effects are located in the Lake 110 has significantly lower 
Sentinel Butte Formation. This indicates conductivity, dissolved solids, and 
that seepage from the lake into the valley concentration of Ca2+, Mg2+, Na+, Cl-, and 
fill aqUifers of the Coleharbor Formation S042- than the Little Missouri River, the 
can move at least to some extent into the Knife River, and Spring Creek (table 
mOre regional flow system in the sand and 3.9.2-2). Considering that Lake 110 is a 
lignite aquifers in the Sentinel Butte shallow water body with extensive 
Formation. marshlands along its periphery and with 

The main chemical characteristics of very limited surface outflow, and that it is 
Lake Ilo water are included in table located in a region of relatively high 
3.9.2-2, which indicates that, compared to potential evaporation from the open water 
groundwater typical of aqUifers in the bodies and high evapotranspiration from 
Coleharbor Formation and the Sentinel marshlands, the low conductivity and 
Butte Formation, the major IOn major ion concentrations may at first 
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Table 3.9.2-2. Comparison of major chemical characteristics of water from Lake !lo, 
Knife River, Little Missouri River, and Spring Creek during the period 5-27-75 to 10-7-75. 

Total 
Dis-

Number Spec. solved 
Dates of Condo Ca Mg Na K HC03 C03 Cl S04 Solids Flow 

(1975) Samples (umhos) (mg/I) (mg/l) (mg/I) (mg/I) (mg/I) (mg/I) (mg/I) (mgfJ) (mg/l) (cfs) 

Knife River 5-27 
(Manning) 10- 7 5 1754 94 33 330 9.5 655 0.0 3.5 484 1285 7.0 

Knife River 5-27 
(Marshall) 10-27 5 1948 93 21 377 10.6 673 7.2 3.3 540 1435 43.2 

little Missouri 
River (Wat 5-27 
ford City) 10- 7 5 1641 117 22 295 12.5 333 9.5 9.7 636 1273 518.6 

lake 6-17 
Sakakawea 10-29 7 984 70 12 151 6.9 215 0.0 6.4 331 697 

Spring Creek 5-27 
(Werner) 10- 7 5 1471 119 23 239 10.5 452 4.6 2.9 446 1107 9.9 

Spring Creek 5·27 
(Halliday) 10- 7 5 1320 114 22 207 10.1 426 4.9 3.0 396 953 31.2 

lake no 5-27 
(Spillway) 10- 7 5 709 58 7 131 lOA 275 2.0 2.1 160 583 

lake Do 5-27 
(MarsWand) 10- 7 5 653 47 6 149 1204 354 2.3 0.9 133 566 

appear anomalous. These conditions are
 
consistent, however, with the conclusion
 
that the lake is situated in a groundwater
 
recharge area. In a simple [onn, the water
 
budget equation for the lake for a specified
 
time interval can be expressed in the form:
 

Precipitation on Lake + Surface
 
Inflow;;::Evapotranspiration
 

+ Outflow @ Lake 110
 
Dam + Groundwater Seepage. 

The lake remains relatively dilute because 
(1) surface water is the only significant 
inflow, (2) the surface water inflow is 
relatively dilute, and (3) the inflow is 
adequate to keep the lake sufficiently 
flushed to maintain low concentrations of 
major ions even though the 
evapotranspiration is relatively high. 

3.9.3 Marshall Slough 
The other significant shallow water 

body in the project area is Marshall Slough, 
located in the extreme southea.<ltern part of 
the area. The geologic setting of Marshall 
Slough is similar to that of Lake 110 in that 
it is situated in a broad topographic valley 
that is ftlled with relatively extensive and 
thick sedimen t of the Coleharbor 
F ormation. The topography and 

hydrogeologic setting of Marshall Slough 
are shown in figure 3.9.3-1, which indicates 
that there is one UND well site (No. 39) 
and three Water Commission wells (4622, 
4623, and 8228) near Marshall Slough. The 
wells indicate that the slough is situated in 
an area of downward hydraulic head 
components and, therefore, that there is 
downward seepage from the slough into the 
groundwater-flow system. The 
hydrogeologic cross section in figure 
3.9.3-1 indicates that the slough is 
underlain by about 150 to 250 feet of silt 
and clay overlying a sand and gravel 
aquifer. If this silt and clay unit is 
continuous beneath the slough, the loss of 
water from the lake by groundwater 
seepage will be relatively small, even 
though the dowiJward gradient components 
are n at small. The map of the 
po tentiometric surface of the lower 
permeable unit of the valley fill (fig. 
3.5.1-2) suggests that groundwater flows 
laterally in the valley fill from the northern 
channel and southeastern channels beneath 
the lake and then follows the channel 
northeastward away from the lake. The 
velocities, fluxes, and influence of the 
slough on the channel flow cannot be 
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detennined with the existing data. 
A sample from the shallow well at 

UND site 39, with intake interval from 15 
to 20 feet below ground surface, gave a 
value of -10.7 per mille 180. This value is 
in the strong evaporitic range and indicates 
that water derived from Marshall Slough 
occurs in the shallow groundwater zone. 

180No data was obtained from deeper 
observation wells, and no farm wells 
suitable for sampling were located in the 
valley fill near Marshall Slough. 

3.9.4 Spring Creek 
The only major permanent stream 

flowing through the project area is Spring 
Creek. The surface hydrology of this 
stream is discussed by Mason (1976). Two 
UND observation well sites (Nos. 32 and 
34) are situated within 50 feet of Spring 
Creek. Site maps, stratigraphy, and 
hydraulic head distributions at these two 
sites are shown in figures 3.9.4-1 and -2. 
The water levels in all of the wells except 
the deep well (191 feet) at site 34 are 
above the level in Spring Creek adjacent to 
the sites (fig. 3.9.4-1). This indicates that 
there is upward groundwater flow into the 
stream bed and in to the shallow water-table 
zone adjacent to the stream. The muddy 
drill water in the deep well at site 34 was 
blown out on October 12 and 23 and again 
on November 7, but clean water conditions 
in the well were not attained. The water 
level has risen very slowly since November 
17 and by February had not yet reached 
static level. It is likely that the level will 
eventually rise above stream level. 

At site 32, the water levels in the two 
deepest wells (120-foot well in F -lignite 
and 166-foot well in H-lignite) are above 
ground surface (fig. 3.9.4-2). The 120-foot 
well has the highest water level, which 
indicates that groundwater flows upward 
from the F-lignite toward the water-table 
zone and downward from the F-lignite 
toward the H-lignite. In other words, 
seepage that discharges to the Spring Creek 
lowland in the vicinity of site 32 is derived 
from the portion of the flow system above 
the F-lignite even though deeper aquifers 
are artesian in this area. The well inventory 
identified numerous flowing wells (i.e., 
wells with static levels above ground 

surface, either flowing or capped) located 
in the valley of Spring Creek within the 
project area. This suggests that the artesian 
conditions observed at site 32 are probably 
representative of much of the Spring Creek 
lowland. 

The hydraulic head distribution and 
general groundwater-flow directions 
beneath the valley of Spring Creek are 
included on the regional cross section A-A' 
in figure 3.6.4-8, which indicates that the 
seepage zone in and above the B-lignite that 
contributes groundwater to the valley of 
Spring Creek is supplied by flow from the 
south and from the north or northwest. To 
the south, the source of the relatively high 
hydraulic heads in the aquifers in the 
seepage zone is the valley fill in the 
proposed plant site area. This buried valley 
intersects the Dunn Center bed and the E
and F-lignites. Because of the higher 
hydraulic head in the valley fill, 
groundwater flows northward from the 
valley fill through these aqUifers to the 
discharge zone beneath the Spring Creek 
lowland. The Dunn Center bed discharges 
groundwater in its outcrop zone near the 
edge of the valley floor. The E-lignite has a 
flow divide beneath the valley. It is not 
clear from the hydraulic head data whether 
northward flow from the valley fill through 
F-li.gnite encounters a flow divide beneath 
the valley of Spring Creek or continues 
toward the outcrop area at the Little 
Missouri vaHey. Groundwater flow in the 
Dunn Center bed and E-lignite toward 
Spring Creek from the northwest originates 
from the areas in the northern part of the 
study area. Although the Spring Creek 
lowland is an extensive discharge area, the 
actual upward groundwater flux from the 
E-li.gnite to the stream bed and water-table 
zone in the valley is probably relatively 
small because of the silt and clay beds that 
occur above this aquifer. 

Five flowing wells near Spring Creek 
were sampled for isotope analyses (UND 
site 32-1, 2 and farm wells 21,23 and 24). 
180 was determined on all of the samples 
and one sample (32-1) was analyzed for 
3H. The results are included in table 
3.9.4-1. The wells are all in the depth range 
of 100 to 166 feet below ground surface 
and are located in the F- and H-li.gnites. 



UND-75-34 f-' 
0
~ 

2. 3. 4. 5. 
DAY 

(ELV. Z073.7') GROU~O LEVEL 

i(';ir~ai ~;,1'i,ilE:E:lt;~;'ii::~;~L:'E)!':7!:::sr;Q{i;f2;~ 
COLEHARBOR 

~~~%==-~ ~_- ===- - __ __ - _n_ _ _ ~_-=- _ _ ~ 

E.? *F fA Z me $*66 

FINTERVAL 

H INTERVAL ~~~i .::: .~:~: ~ :;:-: :.~~_-~ ;-__ :±~-;=~- :.~~ 
~iJieEt:· : :~:= :-:-: . : : : : :..;..: . :-:'-: : :-7-:"'::'-~'.' : :-7.i
 
:::FOAN"'TION~-:-=:=:===:=:==~=:::::'==:-=-""7"":=:=:=':::=
 

~1~Ell,S.~::: .. ~.::.:·:: ::--,-:. :::.' .:::= :'.::::: 
'_._._'-'-'-'~'-'-'-'-'-'-'-'_.--'- - -'

.;.;~::-;" ..
 

X 
Z076 

TI> ZIZ' EXPLANATION 
o 

•
G']It) ~Sllt Grav.1U CREEK 

Llonlt. Cloy~ 
~ Sand~SCALE 

10' 

,.,,~ :" 
C.l. =10' 

Figure 3.9.4-1 Hydrogeologic conditions ncar Spring Creek at UND site 34, spring 1976. 

. -- , 



5. 4. 3. 2. 
.~UND-75-32 J!... 12133.6) 

#""7-7--=-::::='::::~r-
,; .:
!.: .. '~" ." ':i-

':"'---:-"':"'''"':-'':''-:-~-:-'''':''7''; 

~~~~E INTERVAL 
go . ~¥4 

.. (2110.S) 

r I 

T I~ 5IC, 1193 W SEC 27 

GIIOUICD LEVEL 

.'~·S:·~·7·~·~.::'~'/;~7~S~ .~:: .:;_~~~ ...~: ....~:. ~.: 

~~~~~~~~~~~~~~~~~~~~~~~¥~~~*"~~~~=;:~. 

I. 

.... 
J...- (2122.11 

~ COLEHARBOR 

F INTERVAL 

EXPLANATION 

~ Silt 

[] Gronl 

-~I 
• Llgnlt. 

Iii Clay
I 

10' tEd Sand 
SCALE 

~ 

C\Figure 3.9.4-2 Hydrogeologic conditions near Spring Creek at UND site 32, spring 1976. V1 



----

166 

Table 3.9.4-1. Results of oxygen-18 and tritium analyses of samples from farm wells 
and UND wells near Spring Cree k. 

Depth 
Location Owner Date (ft) Strata Oxygen-18 Tritium 

145-92-25 ABA Town-Halliday 5-24-75 1510-1555 Fox Hills -17.0 Nil 
145-92-30 BBB Goetz 5-24-75 100 F· ·16.6 121±49 N.D. 
145-93·27 ABC UND 32-1 10- 1-75 140-165 H·lignite -16.5 Nil 

UND 32-2 10- 1-75 105-120 F-lignite -16.4 117±16 N.D. 
UND 32·3 10· 1-75 27-37 E-Iignite ·15.7 
UND324 10- 1·75 11-16 Coleharbor -15.5 

145-93·29 BCA 2 Lynch, G. 5-24-75 60-70 DC & E-lignite ·16.2 Nil N.D. 
145-93-30 CDB 2 Pelton, W. 10- 1·75 117·130(F) F & H·lignite -16.7 Nil N.D. 
145-94·27 BCC Lake Do Park 8·22-75 130 G-Iignite · 9.2 130±12 

Public Well 10- 8-75 130 · 9.4 15±6 
145-94-27 CAB UND43-1 10-15-75 7-17 Coleharbor · 9.8 
145-94·28 ADB 2 Kittelson, O. 10- 8-75 127-140 H·lignite ·16.1 Nil 
145·94-28 DCD UND47·1 10-16-75 141-146 H-lignite -16.2 

UND47-2 10-16-75 51-61 F-lignite -15.9 
145·94-28 DDB Lake Do Nat!. 

Wildlife Hdqtr. 8-22·75 150 G-lignite -16.2 Nil 
145-94-34 CBB UND46 10-27·75 181-191 G-lignite -13.4 

The 180 values for all five wells are in the 
range of 16.2 to 16.5. Considering that the 
analytical precision of measurement is 
approximately ±-.15 per mille, the range of 
the flowing well 180 values is very small, 
and indicates that the water is derived from 
the same source area or similar types of 
source areas. As indicated previously in 
section 3.6, the 180 concentrations in the 
valley fill that occur beneath the proposed 
plant site are typically in the range of -13.3 
to -15.9 per mille. The 180 values in the 
Sentinel Butte Fonnation in and above the 
F-lignite in the areas south and west of 
Spring Creek are typically lighter than 
-15.8 and ~nerally heavier than -17 per 
mille. The ~o data, therefore, suggest that 
the valley fill is probably not an important 
source of water to the groundwater zone 
that discharges in the Spring Creek 
lowland, even though the hydraulic head 
data suggest that the valley fill is a 
potential source. Presumably the 
northward seepage from the valley £11 is 
limited by penneability constraints. 

Tritium analysis of a sample from 
UND 32-1, located in the H-lignite beneath 
Spring Creek, showed no detectable 3H. 
The groundwater in the shallower aquifers 
beneath the Spring Creek lowland may be 
very young. Additional 3H analyses would 
be necessary to evaluate this possibility. 

The water chemistry of Spring Creek 
is compared to Lake 110 water and 
groundw2.ter in the Spring Creek area in 
table 3.9.4-2. Table 3.9.4-3 shows the 
variations in Spring Creek water chemistry 
and flow discharge during the period of 
4/26/75 to 10/7/75. Table 3.9.4-2 indicates 
that Spring Creek water has total dissolved 
solids between Lake Ilo water and the 
groundwater. All three of these waters have 
Na+, S042- , and HC03- as the dominant 
ions. The chemical data are consistent with 
the interpretation that during 
non-snowmelt periods the water in Spring 
Creek in the downstream part of the 
project area is prim;lrily a mixture of Lake 
lIo water, with lower major-ion 
concentrations, and foundwater seepage 
from the zone in an above the F-lignite, 
that has higher major-ion concentrations. 
The small ephemeral tributaries that feed 
minor amounts of water to Spring Creek 
during part of the non-snowmelt period can 
be viewed as groundwater contributors 
since their water is derived from spring 
flow and other seepage zones. During 
periods of high rainfall intensity it would 
be expected that rapid surface runoff from 
gullies and rills would produce inflow to 
Spring Creek and to the tributaries that 
feed Spring Creek. This would dilute the 
concentrations in Spring Creek and would 



Table 3.9.4-2. Compan'son of average water chemistry of Spring Creek and Lake flo for the period of 5-27-75 to 10-7-75 with 
chemistry of samples from farm wells and UND wells near Spring Creek. 

Well Depth Total 
or Intake Spec. Hard- Stand. 
Interval Condo Temp. ness Ca Mg Na K Fe HC03 C03 CI 804 N03 TD8 Error 

Location Owner Date (ft) Aquifer (umhos) pH (OC) (mg/l) (mg/l) (mg/l) (mg/!) (mg/I) (mg/I) (mg/l) (mg/!) (mg/l) (mg/!) (mg/l) (mg/l) (percent) 

145-95-25 ABA 7 Town-Halliday 5-24-75 1510-1555 FH 2410 8.2 17 12 3.5 0.9 590 1.7 0.6 1190 0.0 240 0.4 1.0 1480 - 0.6 
145-92·30 BBB Goetz 8- 4-71 100 F(L) 2180 B.3 8 10 2.9 0.7 560 2.7 0.0 1170 0.0 3.5 254 1.0 1450 0.1 
145-93-21 CDD Lynch, G. 5-24·75 100(F) P(L) 1850 8.1 11 12 4.8 0.0 493 3.7 0.0 861 0.0 2.7 370 0.0 1275 - .3 
145-93-22 DCA 1 Hausauer, P. 8-22-75 130(F) F(L) 1812 8.4 - 10 4.0 0.0 426 4.3 - 828 2.6 2.8 300 - - - 2.9 
145-93-27 ABC 1 UND 32-1 10- 1·75 140-165(F) H(L) 1B97 8.1 - 16 6.0 0.2 516 5.0 - 944 0.0 10 230 0.1 - 5.4 

145-93-27 ABC 2 UND 32-2 10- 1-75 99·120(F) F(L) 2051 8.2 - 20 7.2 0.5 562 5.0 - 1049 0.0 2.0 200 0.7 - 7.7 
145·93-27 ABC 3 UND 32-3 10- 1-75 19-37 E(l) 2077 7.9 - 152 32 17 500 9.0 - 783 0.0 3.5 604 0.6 - - 1.0 
145-83-27 ABC 4 UND 324 10- 1-75 9-17 CH 1666 8.0 - 352 80 37 300 9.0 - 659 0.0 3.0 456 0.6 - 0.2 
145-94·26 BDA 2 DC Motors 10-10·75 115 G(L) 1722 B.l - 32 8.0 2.9 622 5.0 - 710 0.0 3.5 773· - - • ..145-94·27 BCC Lake no Park 8-22-75 130 G(L) 922 7.0 - 216 46 24 218 7.5 - 410 0.0 21 342 

145-94-27 CAB UND43-1 10-15-75 5-17 CH 1487 '11.0 - 316 64 38 468 4.3 - 720 0.0 4.5 330 0.0 - -18 
145-94-28 ABB DC Cemetery 10-10-75 133 G(L) 2114 6.0 - 552 213 5.0 236 9.5 - 34 0.0 11 993· -  * ..145-94-28 ADB 2 Kittelson, O. 10- 8-75 127-140 H(L) 3323 8.3 - 60 16 4.9 556 3.0 - 1020 3.6 3.5 415 - 
145-94-28 DCD 1 UNO 47-1 10-16-75 117-155 H(L) 1897 8.5 - 16 4.4 1.2 910 4.B - 966 7.2 2.5 320 0.1 - 27 
145·94-28 DCD 2 UND 47-2 10-16-75 50-63 F(L) 1846 8.2 - 82 24 5.3 876 7.5 - 739 0.0 2.5 456 0.4 - 30 

145-94-28 DDB Lake Do NWR 8-22-75 150 G(L) 1812 8.3 - 13 5.2 0.0 516 4.8 - 914 0.0 4.5 210 - - 7.9 
145-93-24 DCC Spring Creek 5-27 to 

(Werner) 10- 7-75 - - 1471 8.1 19 417 119 23 239 11 2.6 461 4.5 2.9 446 0.1 1107 3.9 
145-92-22 ADA Spring Creek 5-27 to 

(Halliday) 10- 7-75 - - 1320 8.2 18 376 114 22 207 10 5.1 436 4.0 3.0 396 0.1 953 3.3 
145-94-27 CDB Lake 110 5-27 to 

(Spillway) 10- 7-75 - - 709 7.8 19 168 58 7.3 131 10 8.3 278 2.0 2.1 160 0.1 583 8.1 
145-94-33 DDD Lake 110 5-27 to 

(Marshland) 10- 7-75 - - 653 8.3 18 363 47 5.8 149 12 - 368 2.3 0.9 133 0.1 566 3.8 
"_.

(CH)=Coleharbor F(L)=F-Lignite DC(L)=DC-Lignite G(l)=G-Lignite 
(FlD=Fox Hills H(L)=H-Lignite E(L)=E·Lignite I(L)=I-Lignite 

·Yalue calculated by subtraction 

..... 
0'\ 
-...I 
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Table 3.9.4-3. Variations in major ion chemistry and flow discharge in Spring Creek at 
Werner and Halliday during the period of 4-26-75 to lO-7~75. 

Total Total 
Sus- Dis-

Spec. pended solved 
flow Condo Solids Solids Ca Mg Na K HC03 C03 Ci S04 N03 

Date (cfs) umhos pH mg{1 mg/I mgjl mgjl mg/I mg/I mg/I mg/l mg/I mg/I mg/I 
."--

Spring Creek 
at Werner 

4-26-75 
5-27-75 

260 
15 

490 
1150 

8.2 
7.6 

155 
88 

362 
834 

26 
55 

10 
36 

87 
197 

9.2 
10.0 

192 
314 

0.0 
0.0 

0.8 
1.8 

75 
310 0.3 

7- 8-75 6 1130 8.4 49 937 106 12 208 10.6 403 10 1.5 346 0.0 
8· 5-75 3 1580 8.5 42 1231 139 17 265 10.4 497 13 3.3 476 0.0 
9-16-75 16 1708 7.8 1 1251 197 5 258 11.6 472 0.0 3.0 530 0.0 

10- 7-75 10 1617 8.2 3 1283 174 28 265 9.8 530 0.0 5.0 570 0.1 
---

Total Total 
Sus- Dis-

Spec. pended solved 
Flow Concl. Solids Solids Ca Mg Na K HC03 C03 C1 804 N03 

---- .._._---
Date (cfs) umhos pH mg/1 mg/l mgjl mg/l mg/l mgjl mg/I mgjl mg/l 

.._--
mg/I mg/l 

Spring Creek 4-26-75 370 375 8.2 171 281 26 11 58 8.2 131 0.0 1.8 54 
at Halliday 5-27-75 25 1300 8.0 69 987 76 39 211 9.6 381 0.0 3.0 380 0.2 

7- 8-75 30 710 7.7 106 452 62 8 95 10.6 243 0.0 <1.0 224 0.2 
8- 5-75 2 1530 8.5 84 1159 131 19 255 9.9 490 14 4.3 476 0.0 
9-16-75 51 1441 8.3 11 961 153 8 211 9.7 462 0.0 2.5 390 0.0 

10- 7-75 48 1617 8.4 71 1206 143 37 262 10.8 504 10 5.0 510 0.0 

produce a transient chemical regime not 
included in the generalized interpretation 
presented above. 

Without numerous observation well 
sites along many transects of the Spring 
Creek lowland, it is not possible to develop 
detailed interpretations of the 
hydrodynamic interactions between the 
creek and the !oundwater regime. 
However, a gener impression of the 
plausibility of the interpretation that 
groundwater is a major source water to the 
creek can be obtained using the Darcy 
equation with data from UND site 32 and 
data on hydraulic conductivity and 
gradient in the Dunn Center bed. 

The upward seepage flux from the 
E-lignite across the silt unit, which 
underlies the alluvial gravel that connects 
to the stream, is estimated using 
information shown in figure 3.9.4-2. The 
head drop across the 18-foot-thick silt bed 
is approximately 8 feet. With a 
representative hydraulic conductivity of 
10-6 cm/sec for the silt, the Darcy equation 
yields 1.46 x 10-8 ft3 per second per 
square foot of discharge area. Per half mile 
width of valley floor and per mile length of 
valley, this seepage discharge to the 
water-table zone in the shallow alluvial fill 
is 0.20 cubic feet per second per mile or 
2.8 cfs for the reach from Lake 110 to 

Halliday. 
The Dunn Center bed crops out in the 

valley of Spring Creek, either just above the 
valley floor or adjacent to the alluvial fill, 
for most of the distance from Lake 110 to 
Halliday. The flow from the Dunn Center 
bed into Spring Creek can be calculated 
using the Darcy equation. We assume values 
of hydraulic gradient of 65 feet/mile to 25 
feet/mile, determined from figure 3.6.4-2. 
A value of hydraulic conductivity of 5 x 
10-3 to 1 x 10-2 em/sec is used. This value 
seems reasonable for the Dunn Center bed 
on the basis of data summarized in figures 
3.5.2-1 and 3.5.3-1. A thickness of 9 feet, 
which is about half the thickness of the 
Dunn Center bed, is used. This figure is 
based on the assumption that where the 
Dunn Center bed is above the valley fill it is 
nearly dry and where it is below the valley 
fill it is nearly saturated. Plugging these 
values into the Darcy equation gives a flux 
of 0.38 to 0.07 cfs per mile or 5.37 to .98 
cfs for the reach from Lake lIo to Halliday. 
Assuming a recharge area of about 150 
square miles for the Dunn Center bed 
through this reach, this flux requires an 
average recharge of just under 0.5 inches 
per year. Thus, these ratios of groundwater 
seepage into Spring Creek seem quite 
reasonable. 

Since the length of the stream valley 
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from the Lake Ilo Dam on the western 
boundary of the project area to Halliday 
east of the project area is approximately 14 
miles, it is evident that as much as 10 cfs of 
seepage water are probably feeding the 
stream bed and the shallow alluvial gravels 
adjacent to the stream bed. These estimates 
assume, of course, that the hydrogeologic 
data from UNO site 32 and other 
assumptions used above can be generalized 
to an extensive area of the stream valley, 
which is an oversimplification; however, 
the occurrence of flowing wells along much 
of the valley and the data from UND site 
34 suggest that the generalizations are not 
unreasonable as a basis for demonstrating 
the plausibility of the interpretation that 
groundwater seepage between Lake 110 
Dam and Halliday is the main source of 
streamflow during much of the 
non-snowmelt part of the year. 

On the basis of streamflow data 
presented by Mason (1976), it is evident 
that groundwater discharge plays a 
significant role in the total flow of Spring 
Creek during non-snowmelt periods. During 
the period from mid-July to October 1975, 
from 75 to 80 percent of the discharge at 
the Halliday gauging station entered the 
stream between Werner and Halliday. The 
average increase in flow during this period 
was 26 cfs. Although precipitation during 
this period was not great, there were several 
rainfall events that contributed at least part 
of this flow by direct runoff from surface 
streams. In addition to this direct runoff 
and the groundwater discharge directly into 
Spring Creek from the Dunn Center bed 
and E-lignite, several tributaries to Spring 
Creek receive groundwater seepage from 
the Dunn Center bed and the A-, B-, and 
C-lignites. For example, the small unnamed 
creek that flows from the north into Spring 
Creek east of Werner receives seepage from 
the A-lignite. Using data from figures 
3.6.4-1 and 3.5.2-1 in the Darcy equation 
gives the following results, assuming that 
about half the total thickness of the 
A-lignite, about 10 feet, is saturated: 

q=K.A grad h 
q=(5x10-2)( .20)(4.5 )(5280) 

(30.48) x (5280) 
=0.737 cfs. 

Multiplying by 2, to take into account the 

two sides of the valley, gives a seepage of 
about 1.48 cfs. Observations in the field 
and on aerial photographs indicate that 
other small tributaries of Spring Creek are 
clearly fed by springs in lignites above the 
Dunn Center bed, although no quantitative 
data on flow from these springs are 
available. 

Using the data and assumptions above, 
it has been shown that as much as 9.65 cfs 
of water are contributed to Spring Creek 
between Lake 110 and Halliday from direct 
groundwater seepage and from a 
seepage-fed tributary. These sources alone 
accounted for about 25 percent of the total 
flow in Spring Creek between mid-July and 
October, 1975. 

3.9.5 Other Areas 
Although Lake 110, Marshall Slough, 

and Spring Creek are the only major 
surface water systems in or adjacent to the 
study area, there are some other 
surface-water regimes that are relatively 
minor but of some interest with respect to 
surface w;lter groundw£i.ter interactions. 
There are two relatively permanent sloughs 
near UNO site 27, one to the north and one 
to the south. The north slough occupies 
about 280 acres and the south slough about 
120 acres, although the actual extent of the 
water surface varies greatly seasonally and 
with longer-term climatic trends. The 
sloughs are situated on a valley floor 
underlain by more than 100 feet of 
sediments of the Coleharbor Formation. At 
UND site 27 between the two sloughs, 
there is a small downward gradient 
component in the upper 20 to 30 feet of 
valley illl sediments (fig. 3.6.4-13) which 
indicates that the sloughs are probably 
situated in a recharge area. The upper 20 to 
30 feet of valley-fill sediments at sites 26 
and 27 are composed primarily of silt. If 
the silt extends beneath the two sloughs, it 
would be expected that, because of low 
permeability, the sloughs would not 
interact very strongly with the sand aquifer 
in the valley fill beneath the silt. Because 
the slough appears to be situated in a 
groundwater recharge area, it would be 
expected that during series of abnormally 
dry years the water levels would decline 
considerably and probably go to dryness on 
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some occasiOns. 
In the hilly terrain in the extreme 

northern part of the project area, there are 
numerous relatively permanent pothole 
sloughs that occupy less than one acre 
each. A few of these sloughs are as much as 
5 to 10 acres in area. Data from UNO site 8 
and farm wells in the area indicate that the 
water table in this area is very deep, 
generally more than 60 to 80 feet below 
ground surface. It is evident, therefore, that 
these sloughs are separated from the 
groundwater zone by a thick unsaturated 
zone and therefore do not interact directly 
with the groundwater-flow system. It is 
likely that flne-grained mucky sediments 
that form the slough bottom deposits, and 
pebble-loam of the Coleharbor Formation 
that underlies the slough sediment, have 
relatively low permeability and greatly 
restrict the downward seepage of water 
from the sloughs into the groundwater-flow 
system. It was indicated in section 3.6 that 
the 180 values from the shallow well at 
UND site 8 and a shallow farm well in the 
area are very light and therefore show no 
indication of having been influenced by 
seepage of evaporitic slough water. Aerial 
photographs taken show that in July, 1958, 
nearly alI of these sloughs were dry enough 
that they were used for hay. 

3.10 Geochemical Evolution 
of the Groundwater 

3.10.1 General Chemical 
Characteristics of the Groundwater 

Th e distinctive characteristics of 
nearly all water in the Sentinel Butte 
Formation, excluding a few local shallow 
zones where the water has either not 
traveled far enough to acquire appreciable 
dissolved solids or where 
evapotranspiration has caused excessive 
dissolved solids are: pH values generally in 
the range of 7.5 to 9.0 with values between 
7.9 and 8.5 most common, electrical 
conductivity values typically between 
1 500 and 4 000 micromhos, HC03
concentrations typically between sao and 
1500 mgfl, S04 z- values typical~ in the 
range ot 200 to 2000 mg/l, Ca + values 
typically less than 100 mg/l, and Mg2+ 
values typically less than 50 mg/l, and K+ 

values typically less than 30 mg/I. In terms 
of water classification according to the 
dominan t ions, the Sentinel Butte 
Formation contains Na(HC03S04) and 
Na(S04HC03) type groundwater. 

3.10.2 Conceptual Geochemical Model 
For a conceptual geochemical model 

to adequately explain the dominant 
chemical characteristics of the groundwater 
in the Sentinel Butte Formation it must be 
able to produce alkaline pH values, 
electrical conductivities in the aP12ropriate 
range, and Na+, HC03-, and 504 - as the 
dominant ions. 

The usual explanation for high Na+ 
concentrations in groundwater in 
continental sedimentary terrain is ion 
exchange, which is a particularly reasonable 
mechanism for the Sentinel Butte system 
since there are extensive zones of sediments 
that include appreciable clay-sized particles 
with moderate to high cation exchange 
capacities. There is no apparent source of 
ap p r eciable Na+ concen trations from 
soluble sodic minerals. 

Because of the difference in valence 
charge, clay minerals have a tendency to 
attract divalent cations to their exchange 
sites in preference to monovalent cations. 
The exchange process for aqueous solutions 
with the two competing cations, Na+ and 
Ca2+, can be expressed as 

2Na++ea2+(ad) ""¢. Ca2++2Na+(ad),(1) 
where the suffix (ad) denotes cations 
adsorbed on the surface or interlayer 
positions of clay particles. For equilibrium 
conditions the law of mass action can be 
applied to exchange reactions, 

[Ca2+] [Na+(ad)] 2 
KNa-Ca= (Na+] 2 [Ca2+(ad)] (2) 

where KNa-Ca is the thermodynamic 
equilibrium constant for the reaction as 
written above, and the square brackets 
represent activities. A common procedure 
in the development of the mass-action 
theory for application to cation exchange 
processes is to assume that the activities of 
an absorbed cation is equal to its mole 
fraction (i.e., [N a +(ad) J=NNa+ and 
[Ca2+(id)]=Nca2+). This assumption was 
originally suggested by Vaneslow (1932) 
and has been used by others such as Bolt 
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(1967), Babcock (1963), Babcock and 
Schultz (1963), and Jensen and Babcock 
(1972). Eq. (2) can then be rewritten as 

Ca (Ca2+) N 2Na
K*= - -- (3) 

Na2 (Na+)2 NCa 
Where Ca and Na represent the activity 
coefficients of Ca and Na, the quantities in 
parentheses are the cation concentrations 
in mol ality or molarity (these 
concentration units are equivalent for the 
salinity range of in terest in this study), and 
N denotes mole fraction of adsorbed 
cation. K* is referred to as the selectivity 
coefficient or selectivity function, 
depending on whether it varies significantly 
over a large range of values for the ratio 
NNa/NC . For the Na-Ca exchange fair, K-* 
is much tess than unity because Ca + is the 
strongly preferred cation. To make direct 
quantitative use of Eq. (3), it would be 
necessary to obtain K* values from 
laboratory tests on samples from the 
particular stratigraphic zones under 
consideration. Although this has not been 
done, Eq. (3) can be used qualitatively. 

The question of what happens when 
groundwater passes into or through 
stratigraphic units that have significant 
cation exchange capacity will now be 
considered. For a given material, the 
equilibriwn ratio of (Ca2+)/(Na+) depe~ds 
on the ionic strength of the groundwater 
and on the parameter NNa2/NCfl' which is 
determined by the hydrologic and 
hydrochemical history of the deposit. Ionic 
strength, I, is determined by the 
concentrations of major ions in the water, 
according to the relation 

I=Y2Lm iZi2 (4) 
where m denotes molality and z the 
valence. For Dunn Center groundwater the 
ionic strength relation can be approximated 
as 

·(Na+)+2(Mg2+)+2(Ca2+)+(HCO3-)+(Cl-)+ 
1=-2- 2 -2

2(S042-) 

which yields values for Dunn Center water 
typically in the range of 0.01 to 0.1. Values 
for rCa and rNa can be obtained from the 
Debye-Huckel equation which relates I 
directly to individual ion activity 
coefficients. This relation is described by 

Garrels and Christ (1965) and Berner 
(1971) and others. For Dunn Center 
groundwater, the following values are 
representative: rCa 0.6 and rNa 0.85. A 
representative value for r Ca/rNa2 in Eq. 
(3) is therefore about 0.7 which for the 
purpose of this analysis can be taken as 
unity. To proceed with a parameter 
analysis, a K* value of 0.1 will be assumed. 
Eq. (3) therefore becomes 

(Ca2+) O.1N2Na+ 
(6)

(Na+)2~ - NCa 

The following calculations of 
exchange equilibria are presented in order 
to illustrate how an ion exchange relation 
such as Eq. (6) can influence the cation 
concentrations in ~oundwater. Consider a 
situation where Ca + and Na+ are adsorbed 
in equal concentrations on the cation 
exchange sites of clay particles in which 
case NNa= 0.5 and NCa=0.5, and 
N~!\ /NCa==O.S. From Eg. (6) the 
eq~ilibrium relation becomes 

(Ca2+)~ (Na+)2/20 (7) 
Therefore if groundwater with a 
concentration of lxl0-3m Ca2+ (40 mg/l 
and lx10-3m Na+ (23 mg/!) enters the 
clay stratum, Ca2+ will exchange for Na+ 
on the clay particles until the equilibrium 
condition expressed in Eq. (7) is satisfied. 
This will occur when the Ca2+ 
concentration in the water is reduced to 
ASxlO-6m and the Na+ concentration is 
increased to 3x10-3m. E~. (1) indicates 
that for each mole of Ca2 that goes onto 
the clay, 2 moles of Na+ must go into 
solution. Even if K* is assigned a value 
much closer to unity, the exchange 
reaction will cause nearly all of the Ca2+ in 
solution to be exchanged for Na+. 

This exchange process would, of 
course, increase NCa and decrease NNa' but 
because the concentrations of adsorbed 
cations are large compared to the cation 
concentrations in most groundwater, many 
hundreds or thousands of pore volumes of 
groundwater would have to pass through 
the clay before the N2N~/NCa term 
increases significantly. To ratlonalize this 
statement one needs only to consider that 
cation exchange capacities (CEC) for 
sediments with moderate to high clay 
contents are almost invariably in the range 
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of 1 to 100 milliequivalents per 100 grams 
of dry sediment. 1£ a porosity of 0.33 and 
an average specific gravity of solids of 2.65 
are assumed as representative of the 
sediment, it can be shown that under 
saturated conditions (i.e., below the water 
table), 1 litre of groundwater is in contact 
with 2 650 grams of solids. If the CEC is 50 
meq/100g, one litre of water would be in 
contact with solids that have a total of 
1325 meg of exchangeable cations. If, as in 
the case of the hypothetical groundwater 
considered above, there are equal mole 
fractions of Na+ and Ca2+ on the exchange 
sites, one litre of water would be in contact 
with a total of 668x10-3 moles of Na+ and 
334xl0-3 moles of Ca2+ on the exchange 
sites of the clay. Therefore if, as in the 
above example, .9995x10-3m of Ca2+ are 
exchanged for 1.999xlO-3m of Na+ to 
achieve equilibrium when the groundwater 
enters the pore volume and displaces the 
pre-existing water, the N2N /NCa term is 
changed only very slightly. If groundwater 
with the specified concentration continues 
to flow through the clay stratum, the 
exchan~ process will continue to modify 
the (Ca +) (Na+) utio until the adsorbed 
cations attain mole fractions such that the 
right side of Eq.(6) equals the value of 
(Ca2+)/(Na2+) that exists for the incoming 
groundwater. If the cation concentrations 
in the input water remain constant over 
time, the mole fractions of adsorbed 
cations will eventually adjust so that ion 
exchange does not alter the groundwater 
chemistry as it passes through the clay. 

The high Na+ concentrations, which 
are so characteristic of groundwater in the 
Dunn Center area, cannot be derived from 
cation exchange processes unless large 
concentrations of a counter ion such as 
Ca2+ and/or Mg2+ are available in solution. 
Since some of the strata in the Sentinel 
Butte Formation have significant amounts 
of carbonate minerals (this is described in 
more detail in section 3.10.3, based on 
analytical data given by Moran and others 
(1976, app. C-II)] ; calcite and/or dolomite 
are logical sources for Ca2+ and Mg2+ ions. 
The study by Royse (1967) of the 
sedimen tological characteristics of the 
Sentinel Butte Formation in western North 
Dakota indicates that calcite is much more 

abundant than dolomite in sediments of 
this formation. In the development of our 
conceptual geochemical model, we will 
therefore proceed on the basis that calcite 
is the dominant carbonate-mineral source 
of Ca2+ in the groundwater. The calcite 
dissolution reaction can be ex.fressed ao, 

CaC03+H2C03 - Ca2 +2HC03- (8) 
Groundwater in the Sentinel Butte 
Formation in the Dunn Center area has 
HC03- concentrations generally in the 
range of 500 to 1200 mg/l (8.2x10-3 to 
17.9x10-3 moles/litre). If we assume that 
calcite dissolution has generated all of the 
HC03·, it is apparent from Eq. (8) that 
one-half the number of moles/litre of Ca2+ 
also must have gone into solution 
(4.1x10-3 to 8.9x10-3 mil Ca2+). If the 
Ca2+ derived from calcite dissolution is 
exchan~d for Na+ on clay particles, 
8.2xl0=3 to 17.9x10-3 mil (145 to 411 
mg/l) of Na+ would occur in the 
groundwater. It is evident from figures 
3.6.12-1 and 3.6.12-7 and table 3.6.12-1, 
however, that most samples from wells in 
the Sentinel Butte Formation have Na+ 
concentrations that are higher than the 
upper limit of this range. There also 
re,mains the ~roblem of acco~nting,for the 
hIgh 504 - concentratIOns ln the 
groundwater. 

The most reasonable mechanism to 
account for the high 5°42- concentrations 
and the excess Na+ is the dissolution of 
gypsum. This process can be represented by 
the reaction, 
CaS04 2H20 -Ca2++S042-+2H20 (9) 
Ca2+ going into solution from gypsum 
would be accompanied by exchange for 
Na+ on the clay particles. Each mole of 
Ca2+ from dissolution of gypsum would 
therefore produce 2 moles of Na+ in 
solution. As indicated previously. 5°42
concentrations in groundwater of the 
Sentinel Butte Formation are generally in 
the range of 200 to 2000 mg/l. If all of 
this S042- was derived by gypsum 
dissolution with the Ca2+ exchanged 
entirely for Na+, the corresponding Na+ 
concentrations in the groundwater would 
be accompanied by 96 to 958 mg/1 of Na+ 
in solution. Addition of Na+ produced in 
this manner to the Na+ obtained by ion 
exchange accompanying calcite dissolution 
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produces the total Na+ concentrations that 
are typical of groundwater in the Sentinel 
Butte Formation. 

A reasonable working hypothesis to 
account for the major chemical 
characteristics of groundwater in the 
Sentinel Butte Formation can therefore be 
summarized as follows: C02 charged water 
from rain and snow melt infiltrates below 
ground surface where it dissolves calcite 
and gypsum accompanied by exchange of 
ea2+ for Na+ to produce Na(HC03S04) 
and Na(S04HC03) type groundwater. 
Whether HC03- or SO42- is the anion 
depends on the relative amounts of calcite 
and gypsum that dissolved. ~ 

Since the minerals pyrite and 
marcasite, both of which have the 
composition FeS2' are relatively abundant 
in many of the strata in the Sentinel Butte 
Formation, the possibility that oxidation 
of these minerals produces significant 
S04z- concentrations should be evaluated. 
The oxidation reaction can be expressed as 
(Stumm and Morgan, 1970), 
FeS2+1502+Z-H20_ Fe(OH13+2S042

4 2 
+4H+ 
where the underlined components are solid 
phases. Water at 100C at equilibrium with 
the earth's atmosphere only contains 11 
mg/l of dissolved 02' Therefore, water 
from rain or snow melt that infiltrates 
below ground surface contains so little 
dissolved oxygen that the amount of S042
that could be produced by this process 
would be very small. For example, 11 mgll 
represents only 0.34xl0-3 mIl. Eq. (10) 
indicates that for each mole of 02 that is 
consumed in the oxidation of FeS2 to 
S042-, 0.53 moles of S042- are produced. 
Consumption of 11 mgll of 02 would 
therefore produce only 17 mg/l of S042-, 
which is a very small amount compared to 
the total S042- concentrations in the 
groundwater. Although it is very unlikely 
that oxidation of FeS2 is a mechanism that 
contributes much S042- directly to the 
groundwater, it is probable that this 
process plays a major role in the origin of 
gypsum, which is subsequently dissolved by 
infUtrating water that contributes to 
groundwater recharge. The role of FeS2 in 
the p;enesis of gypsum is discussed in more 

detail in section 3.10.4. 
We will now consider whether or not 

the observed pH values for the groundwater 
are consisten t with the geochemical model. 
The acid in groundwater, which normally is 
the main cause of dissolution of calcite (a 
dolomite), is carbonic acid (H2C03)' 
Carbonic acid is produced by hydrolysis of 
gaseous carbon dioxide. 

C02(g)+HZO ~ H2C03 (11) 
The muss - action expression for this 
reaction is 

KC02=[H2C03] (12) 

PC02 

where KCOZ is the equilibrium constant, 
PCOZ is the partial pressure of carbon 
dioxiae, and the square brackets denote 
activities. H2C03 is a polyprotic acid, with 
two dissociation reactions, 

H2C03 ~ H+HC03 (13 ) 

HC03 ~ H++C032~ (14) 

The equilibrium expressions for these 
reactions are 

KHZC02=[H+] [HC03-] (15 ) 
[HC03- J 

KHC0 3-=[H+J [C032-] (16 ) 
[HC03-] 

Pure water in equilibrium with carbon 
dioxide of the earth's atmosphere 
(PC02=10-3.5) has an equilibrium pH of 
5.6 at lOoC (this result can be obtained 
following the calculation procedures 
outlined in Garrels and christ (1965) or 
Stumm and Morgan (1970). If calcite 
dissolves in pure water in equilibrium with 
the PC02 of the earth's at~osph.ere, the 
Ca2+ and HCO3- concentratlons will be 22 
and 70 mgll respectively and the pH will be 
8.4. 

Equilibrium will occur when the 
expression' 

KCal=[Ca2+] [C032-J (17) 
is satisfied. KCal is the equilibrium 
constant for calcite at the temperature of 
interest. If Ca2+ is removed from solution 
by exchange with Na+ on clay particles, 
calcite will continue to dissolve so that the 
activity product [Ca2+J [C032-J will equal 
KCal. If the exchange reaction is relatively 
fast compared to the calcite dissolution 
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reaction Ca2+ will decrease and CO32
m ust therefore nse to high values. 
Considering Eq. (16) in terms of Le 
Chatellier's Principle indicates that as a 
result of a rise in C032-, W will decrease 
and HC03- will increase. If the reactions 
occur under conditions where the 
atmospheric PCOZ is maintained, H2C03 
will remain constant (Eq. (lZ)). If water 
containing atmospheric PC02 values 
infiltrates below the water table, PC02 will 
decrease as dissolution occurs because 
H2C03 is consumed in the dissolution 
process (Eq. (8)). This hypothetical 
evol u tio n seq u enc e w ill result in 
groundwater with (1) PCOZ less than the 
earth's atmospheric value (i.e., less than 
10-3.5) and (2) pH values above 10 or 11
pH values this high are not consistent with 
the values for groundwater in the Dunn 
Center area, which have pH values generally 
between 7.5 and 9.0. From investigations 
of soil water and groundw:lter in numerous 
areas in North America and elsewhere, it is 
generally accepted that the water in the soil 
zone becomes charged with dissolved C02 
partial pressures in the soil zone is decay 
(oxidation) of organic matter in the A and 
B horizons and root respiration. Therefore, 
water that infiltrates downward through 
the unsaturated zone normally con tains 
relatively high concentrations of H2C03, 
which is available for strong dissolution of 
calcite or dolomite if these minerals are 
encountered as the water moves along its 
flow paths. 

If pure water becomes charged with 
C02 at partial pressures of 10-2.5 to 10-1, 
which would be reasonable for unsaturated 
zone conditions where soil profiles with 
organic matter occur, and then dissolves 
calcite under conditions where the gaseous 
C02 partial pressures are maintained 
(referred to as open system conditions), 
equilibrium pH values will be in the range 
of 6.6 to 7.7 at 100C, and the equilibrium 
HC03- concentrations will be 192 to 610 
mg/I. These pH and HC03- values are lower 
than those characteristic of groundwater in 
the Sentinel Butte Formation. If exchange 
of Ca2+ for Na+ on minerals occurs, the 
HC03- concentrations and pH will rise as 
calcite continues to dissolve in order to 
main tain the equilibrium condition 

expressed in Eq. (17). If the Ca-Na 
exchange only occurs below the water 
table, then the calcite dissolution that 
accompanies the exchange process will 
consume H2C03 as indicated in Eq. (8) 
and the PCOZ will decline (Eq. (12)). Since 
the PCOz values calculated by WATEQ, a 
computer program developed by Truesdell 
and Jones (1974), from pH and HC03
data obtained from analyses of water 
samples are typically in the range of 10-3 
to 10-4, it is reasonable to expect that 
these processes do, in fact, occur below the 
water table. This hypothesis will now be 
tested using a more quantitative approach. 

Consider a situation where water with 
PC02=10-1.5 atm dissolves calcite to 
equilibriwn under open system conditions. 
This will result in a pH of 7.0, HC03-=384 
m~l and Ca2+=252 mg/1. If 240 mg/l of 
Ca + are exchanged for Na+ W1der closed 
system conditions (i.e., below the water 
table) and if the water returns to a 
saturated condition with respect to calcite 
(Eq. (17)), the e~ilibrium conditions will 
be as follows: Ca +=12 mg/l, HC03-=600 
mg/l, Na+=213 mg/l, pH=7.9, and 

15PC02 =10-2. . If gypsum then dissolves in 
the water to the extent that manl
hundreds of milligrams per litre of S04 
occur in solution, the Na+ concentration 
will ris~ much higher because of exchanges 
with the gypsuw-aerived Ca2+, and the 
HC03- and pH values will rise somewhat 
because of the decrease in activity 
coefficients of Ca2+ and C032- caused by 
the ionic strength effect. As more calcite 
dissolves, the PCOZ will decrease further. 
This semi-quantitative line of reasoning 
indicates that it is feasible to generate the 
ch ar ac teristic ch emical features of 
groundwater in the Sentinel Butte 
Formation through the combination of 
calcite and gypsum dissolution and cation 
exchange,.. with important stages occurring 
both above and below the water table. 

This geochemical model is consistent 
with the BC content of groundw~ter in 
the Sentinel Butte Formation. For 
example, Wigley (1975) indicates that 
water that dissolves calcite at 100C and 
PCO 2= 10-1. 5 under open system 
conditions can be expected to have an 
equilibrium l3C content of about -17 per 
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mille. If, as in the case of the example 
calculated above, ion exchange maintains 
the Ca2+ concentration of 12 mg/l and 
calcite dissolution causes equilibrium to be 
re-established under closed system 
conditions. the ratio of open system 
derived carbon to total inorganic carbon 
will be 384/600. If, as would be expected, 
the average l3C content of the calcite is 0 
per mille, the 13C value for the 
groundwater after the closed system 
dissolution will be (384/600)x(-17 per 
mille )=-11 per mille, which is within the 
range of 13c values for groundwater in the 
Sentinel Butte Formation (table 3.6.11-1). 

Calculations using the computer 
program WATEQ (developed by Truesdell 
and Jones, 1974) indicate that groundwater 
in the study area is almost invariably 
undersaturated with respect to gypsum. 
When gypsum is in contact with water in an 
undersaturated state it dissolves rapidly. 
The fact that the groundwater is 
undersaturated with respect to gypsum and 
the lack of a large general increase in S042
and Na+ deeper in the flow system and 
along flow trends are indications that 
gypsum is generally absent deeper in the 
flow system. Where it is present shallower 
in the system, the mineral concentrations 
must be extremely small, much below 
detection using x-ray diffraction methofls. 
It seems reasonable to conclude that the 
evolution of groundwater towards higher 
major ion concentrations is severely 
restricted by the scarcity of gypsum. 

The following calculation will serve to 
illustrate how very minute amounts of 
gypsum can influence the chemistry of the 
groundwater. For calculation purposes 
consider a 1 cm 3 sample of geologic 
material with a porosity of 33 percent and 
a gypsum content of 0.03 percent. Using an 
average specific gravity of the solids of 
2.67, the sample will have a bulk dry 
weight of 1790 mg of which 0.54 mg are 
gypsum. If the entire gypsum content of 
the solids dissolves, the 0.33 cm3 of void 
space filled with water will contain the 
0.54 mg of gypsum, or in other words 1600 
rng/litre of dissolved gypsum. The S042
concentration of this water would be 1130 
mg/litre. This illustrates that gypsum 
concentrations in the solids at levels far 

below detection using normal methods will 
produce high S042- concentrations when 
brought in contact with groundwater. 

Calculations using WATEQ yield 
supersaturation values for nearly all UND 
well samples with respect to calcite. It is 
more likely, however, that the groundwater 
is at or very near equilibrium. The 
calculated supersaturation levels are 
probably caused by a slight amount of 
degassing of the water during sampling 
which would produce higher pH values 
than the in situ groundwater. 

In some situations, it might be 
expected that an oxidizing zone would 
exist above the water table, an intermediate 
zone of slightly oxidizing or slightly 
reducing conditions near the w;:ter table 
(slightly above or slightly below) and 
reducing conditions at greater depth below 
the water table. For the Dunn Center area 
there is insufficient geochemical data 
available to enable the subsurface 
environment to be subdivided in these 
categories. The available data indicate, 
however, that strongly reducing conditions 
generally do not occur in the Sentinel 
Butte Formation. This conclusion is based 
on the occurrence of abundant S042- in all 
aquifers. In the pH environment of these 
aqUifers reduction of S042- would produce 
HS- and H2S, H2S is detectable by sme]] to 
levels as low as about 10-8 atm. There is no 
evidence of significant H2 occurrence in 
farm wells or UND wells in the area. In 
addition, reducing conditions would be 
expected to produce methane gas, CH4. To 
the best of our knowledge methane is not 
present in noticeable concentrations in 
wells in the Dunn Center area. Studies of 
the methane contents of selected wells in 
the Dunn Center area, which are currently 
in progress, indicate that methane is not 
present in significant minute amounts. 
From thermodynamic considerations it is 
evident that S042- can exist as the stable 
dissolved sulfur species in alkaline 
groundwater under redox conditions that 
are slightly to moderately anaerobic. These 
conditions, therefore, are expected to exist 
in the Sentinel Butte aquifers, except 
possibly at some of the shallowest recharge 
locations where aerobic conditions may 
exist. 
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3.10.3 Occurrence of Calcite 
and Exchangeable Cations 

For the geochemical model described 
above to operate, at least some of the strata 
in the Sentinel Butte Formation must have 
(1) significant amounts of calcite, (2) 
significant amounts of gypsum, and (3) 
clay minerals with appreciable cation 
exchange capacity and adequate adsorbed 
concentrations of Na+ on the exchange 
sites. We will now consider whether or not 
there is evidence independent of the 
groundwater chemical data that indicates 
that these four conditions actually exist. 

Samples of cores from the Sentinel 
Butte Formation obtained during the UND 
test drill program were analyzed by the 
Department of Soil Science at North 
Dakota State University and by Montana 
Testing Lab Incorporated for the following 
parameters; texture, total percent 
carbonate-mineral content, cation exchange 
capacity, sodium adsorption ratio, and 
chemical composition of water extracts 
from standard water-saturated paste 
samples, including specific conductance 
pH, and major-ion concentrations. Not all 
samples were analyzed for all of these 
parameters. 

Measurements of pH, Ca2+, S042-, 
and HC03- on soluble extracts from soil 
paste samples prepared in the standard 
manner are difficult or impossible to relate 
t a the carbonate-mineral or gy psum 
content of the solid material in the sample. 
Drying of the soil sample prior to addition 
of distilled water will cause precipitation of 
calcite (CaC03) and gypsum (CaS042H20) 
in the sample. The calcite will dissolve 
when the sample is mixed with distilled 
water, thereby causing the pH of the water 
to rise and significant concentrations of 
Ca2+ and HC03- to go into solution. 

Aerated distilled water in equilibrium 
with the earth's atmospheric 
C02(PC02=10-3.5 atm) has a pH of 
approximately 5.7. If this water is mixed 
with a dry calcareous soil sample under 
aerated conditions (i.e., with exposure to 
air) , it is c a pabl e 0 f dissolving 
approximately 83 mg/l of calcite. If the 
effects of other chemical interactions are 
neglected, the water after dissolution will 
have a pH of approximately 8.4 and 

approximately 70 mgll of HC03- and 23 
mg/l of Ca2:r (Garrels and Christ, 1965; 
Stumm and Morgan, 1970). If the Ca2+ 
concentration is regulated to very, very low 
concentrations because of the Na+-Ca2+ 
exchange reaction, more calcite can be 
dissolved in the soil paste water. This will 
cause higher equilibrium pH values and 
higher Ca2+ concentrations. If, however, 
there is insufficient quantity of calcite or 
dolomite in the sample to provide 
sufficient Ca2+ and HC03- concentrations 
to attain equilibrium, the water extract 
from the soil paste will ha~e lower .f~' 
Ca2+, and HC03- values. Smce Ca2 is 
affected by ion exchange, the diagnostic 
parameters are pH and HC03-' With this 
theoretical background, the results of the 
soil paste tests are now appraised. 

One hundred thirty-two core samples 
from a total of fifteen boreholes were 
analyzed using the soluble extract 
procedure (Moran and others, 1976, app. 
C-II). Forty-one percent of the samples 
have extract pH values equal to or greater 
than 8.4. Of the 132 samples analyzed for 
soluble extract composition, 85 were 
analyzed for total carbonate content of the 
solids by weight loss resulting from mixture 
with acid. Fifty fercent of these samples 
have detectab e carbonate mineral 
contents. The carbonate mineral contents 
were determined by NDSU by means of the 
gasometric method (U.S. Salinity 
Laboratory Staff, 1954) which has a lower 
limit of detection of approximately 0.5 to 
1 percent. 

The water extract pH data and 
carbonate-mineral content data indicate 
rather conclusively that at least some of the 
strata in the Sentinel Butte Formation have 
significant amounts of carbonate mineral 
material, most of which is probably calcite 
rather than dolomite. 

Core samples which do not have 
detectable carbonate mineral content and 
which have soil extract pH values less than 
about 8.4 may have essentially no 
Significant carbonate mineral content. Of 
the 85 samples for which there are both 
types of data, forty percent are in this 
category. It ml;st be concluded from the 
groundwater chemistry data, however, that 
nearly all of the groundwater in the 
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Sentinel Butte Formation has at some time 
during its flow history come into contact 
with strata containing significant carbonate 
mineral content. If this were not the case, 
significant members of well samples with 
anomalously low pH and HC03- values 
would have been observed during the 
course of our investigation. It should be 
kept in mind, however, that if groundwater 
dissolves calcite during its passage through 
a calcareous bed and then flows in to a 
non -calcareous zone, the water will 
maintain its high pH and HC03
concentrations during its period of flow 
through the non-calcareous zone. 

Eighteen of the core samples that 
were analyzed for cation exchange capacity 
by M on tana Testing Laboratory 
Incorporated had a CEC range from 3 to 42 
milliequivalents per 100 grams of dry 
sample. There is sufficient cation exchange 
capacity, therefore, to provide a relatively 
large reservoir of exchangeable cations on 
colloidal particles in the sediments of the 
Sentinel Butte Fonnation. 

3.10.4 Origin of Calcite, Gypsum, 
and Exchangeable Sodium 

Hypotheses will now be developed to 
account for the origin of the exchangeable 
Na+ aild of the gypsum of the strata of the 
Sentinel Butte Formation. It was indicated 
above based on a parameter analysis of Eq. 
(3) that the mole fracrion ratio NNa/NCa 
must rise to a high value before the 
Ca 2+ .. Na+ exchange becomes 
ineffective or is reversed. Sedimentological 
evidence indicates that the deposits of the 
Sentinel Butte Formation were laid down 
in fresh-water fluvial and possibly deltaic 
environments (Royse, 1967; Jacob, 1976). 
Although it is not possible to determine 
what the chemistry of the fluvial 
environment was at the time of deposition, 
we will proceed with some speculation in 
this regard. 

It is very unlikely that the Na+ that is 
being exchanged for Ca2+ in the present 
groundwater-flow system was adsorbed on 
the colloidal clay particles at the time of 
deposition of the sediments of the Sentinel 
Butte Formation. The drainage basin that 
supplied the waters and sediments to the 
fluvial and deltaic environments appears to 

have been composed predominantly of 
sedimentary rocks. If there were significant 
amounts of calcite or dolomite in the 
source rocks, the drainage water would 
likely have had molar ratios of Na+/Ca2+ 
that were less than unity. The fact that 
many of the strata in the Sentinel Butte 
Formation have appreciable carbonate 
mineral contents (mostly calcite) is 
evidence that suggests that the drainage 
basin contained carbonate rocks that 
provided calcareous sediment to the 
streams and deltaic systems. There is the 
possibility, however, that the calcareous 
material in the Sentinel Butte Formation 
was precipitated from circulating 
groundwater at some later time. The 13C 
data from groundwater in this formation 
suggest that the carbonate minerals were 
derived from erosion of marine carbonate 
rocks; however, more conclusive 
information will be obtained from 13C 
analyses of the carbonate minerals rather 
than the wc,ter. These studies are in 
progress. 

Even if we assume that the drainage 
basin was largely devoid of carbonate rocks 
to supply calcareous sediment, analogy 
withJresent day chemical environments in 
fluvi systems indicates that it is very 
unlikely that the Na+/Ca2+ ratio would 
have been greater than about 3 to 5. 
Freshwater rivers, streams, and deltas in 
non-arid environments normally contain 
cat ion s with individual species 
concentrations in the range of 104 to 10-2 

moles per litre. Because (1) in fresh 
continental waters the selectivity 
coefficient K* for the Na-Ca exchange 
reaction (Eq. (3)) is characteristically less 
than unity, (2) the Na+/Ca2+ molar ratio is 
characteristically not very large, and (3) 
activity coefficient ratio is close to unity, it 
is evident from Eq. (3) that clays deposited 
in most fluvial or deltaic environments will 
have nearly all of the cation exchange sites 
loaded with Ca2+. Since Ca2+ has a much 
stronger afrmity for the adsorption sites of 
clay particles, the only way that the 
adsorption sites can become preferentially 
loaded with Na+ is by immersion of the 
sediment in an aqueous solution with a 
large Na+ excess. If there is very little Na+ 
on the exchange surfaces of clay minerals, 
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and if Ca2+ rich groundwater is passing 
through the material, the exchange reaction 
represented bX Eq. (1) will, within a 
relatively small number of pore volume 
replacements, achieve equilibrium with 
respect to the incoming groundwater. When 
equilibrium is achieved, the process of ion 
exchange will no longer be capable of 
modifying the cation concentrations in the 
incoming groundwater. If, on the other 
hand, the cation exchange sites initially 
have a high percentage of Na+ and if the 
incoming groundwater has Ca2+ as the 
predominant cation at concentrations of 
only a few millimoles per litre or less, many 
hundreds of pore volumes of groundwater 
would have to pass through the clayey 
materials before the mole fractions of 
adsorbed cations will have attained 
equilibrium with respect to the incoming 
water. I f the groundwater flowing into the 
cation exchange zone has a constant 
composition, and if the cation exchange 
zone is relatively homogeneous with 
respect to its exchange properties, a zone in 
which the mole fractions of adsorbed 
cations have attained equilibrium with 
respect to the incoming groundwater will 
gradually expand in the flow direction. If 
the input conditions remain relatively 
constant for long periods of time, the strata 
with cation exchange capabilities will 
eventually attain equilibrium and 
henceforth be incapable of modifying the 
cation chemistry through exchange 
processes. 

Except for the northern part of the 
Dunn Center area, groundwater in even the 
shallow parts of the Sentinel Butte 
Formation has high Na+/Ca2+ molar ratios. 
This condition reflects the very sluggish 
nature of the groundwater-flow system. 
High Na+/Ca2+ ratios will not persist for 
very long in areas where groundwater 
circulation is relatively rapid and/or where 
cation exchange capacities are relatively 
smalL If the cation exchange capaci7 is 
small, the reservoir of exchangeable Na on 
the adsorption surfaces must also be smaJl. 

In the geochemical model that we 
have used to acc ount for the 
Na(HC03S04) and Na(S04HC03) waters 
that are so characteristic of the Sentinel 
Butte Formation, C02 charged 

groundwater dissolves calcite to 
equilibrium. This contributes Ca2+ and 
HC03- to the water and raises the pH. 
Gypsum dissolution contributes more Ca2
and raises the S042- concentration to 
hundreds of milligrams per litre. Cation 
exchange on clays replaces most of the 
Ca2+ with Na+. The selectivity coefficient 
(Eq. (3)) for the Mg2+-Ca2+ exchange 
reaction is typically between 0.6 and 0.9 
(Jensen and Babcock, 1972). The very 
small amounts of cI- probably came from a 
variety of minor sources. The calcite 
dissolution, gypsum dissolution, and cation 
exchange reactions probably occur 
simultaneously in some parts of the system 
and possibly in sequence in other areas, 
depending on the local stratigraphy and 
flow-system conditions. 

The key factor that controls the 
extent to which the hydrochemical system 
will evolve is the presence of gypsum. As 
indicated in section 3.10.2, calculations 
indicate that almost without exception, 
groundwater samples from the Sentinel 
Butte Formation are considerably 
undersaturated with respect to gypsum. 
This means that if the groundwater 
encou~ters any gypsum, dissolution will 
occur. Equilibrium with respect to gypsum 
will be attained if there is sufficient 
gypsum present so that dissolution can 
proceed until there are several thousand 
milligrams per litre of Ca2+ in solution. 
The exact equilibrium concentrations will 
depend on the temperature and ionic 
strength of the groundwater (Cherry, 
1968). It is well known that gypsum 
dissolves in water relatively quickly. For 
example, laboratory experiments indicate 
that equilibrium is normally attained 
within a matter of minutes or hours 
(Kemper, et al., 1974). It is reasonable to 
conclude, therefore, that groundwater in 
the Sentinel Butte Formation is generally 
lacking in gypsum. There must have been 
enough gypsum to supply observed S042
concentrations (this requires only minute 
amounts) but not enough for the system to 
attain the higher concentrations that would 
establish equilibrium. If the sediments of 
the Sentinel Butte Formation contain even 
minute concentrations of gypsum 
extending very far below ground surface, 



179 

then the S042- concentrations should 
become greater as the water moves deeper 
into the flow system; therefore, after 
flowing far enough the water would attain 
equilibrium concentrations. Since there are 
no major systematic increases in S042
concentrations far below the water-table 
zone, we must conclude that gypsum is 
generally absent in most of the strata of the 
Sentinel Butte Formation. 

Another question now arises: If 
gypsum is generally absent, but if calcite is 
generally present along with high Na+ 
content clays, what controls the 
eg uilibrium pH and the equilibrium 
concentrations of Ca2+, Na+, and HC03- in 
the groundwater? The two controlling 
equilibrium relations are 

[Ca2+J N2Na
K*=-- -- (18) 

[Na+J 2 NCa 

[Ca2+] [HCOj] 2 
KC1= (19) 

[H2C03] 
Eq. (18) is equivalent to Eq. (3) and Eq. 
(19) is the mass -action expression for Eg. 
(8). It can also be derived by combining 
Eqs. (1S), (16), and (17) where 
Kcl=KCKH2C03/KHC03' If COZ-charged 
water inflltrating througfi the unsaturated 
zone dissolves calcite to equilibrium uncler 
open system conditions and subsequen ely 
interacts with clay minerals below the 
water table, the temperature and soil PC02 
will determine the equilibrium pH and 
Ca2+ and HC03- concentrations attained 
above the water table. Below the water 
table the equilibrium will be controlled by 
the Poo2 that exists when the water moves 
into the saturated zone (i.e., the initial 
PC0 2) and on the NNa/NCa ratio of 
adsorbed cations that exists when the new 
water passes into and through the clayey 
zone. As Ca2+ is removed by exchange 
with Na+ calcite will dissolve. If the Na-Ca 
exchange reaction occurs more rapidly than 
the calcite dissolution reaction, which is 
what would normally be expected, Ca2+ in 
solution would be maintained at low 
concentrations as calcite dissolution 
proceeds towards eg uilibrium. As 
dissolution occurs, H2C03 will decrease 
(see Eq. (8)), and HC03- will increase; and, 

therefore, the equilibrium condition 
expressed in Eq. (18) will be readily 
achieved if a sufficient quantity of CaC03 
is present in the sediment. In total, 
therefore, the equilibrium pH, CaZ+, 
HC03- C032- and Na+ values that will be 
produced by this sequence of events will be 
determined by the PC02 of the 
unsaturated zone, the temperature, K*, 
KC1, and the initial NNa/NCa ratio. 

If some gypsum dissolution occurs in 
the unsaturated zone before calcite has 
dissolved to equilibrium, calcite solubility 
will be depressed by the common-ion 
effect. If gypsum dissolution occurs after 
calcite equilibrium has been reached, but 
before cation exchange becomes 
significant, the water will become 
su~ersaturated with respect to calcite (i.e.• 
Ca + in Eg. (18) increases while the other 
terms remain fixed) and calcite 
pre cip itation will occur. If gypsum 
dissolution occurs after the water has 
dissolved calcite and reached equilibrium 
with respect to the Na-Ca exchange 
reaction, 5°42- concentrations will rise, 
and, even though most of the additional 
CaZ+ would be exchanged for Na+, the 
NNa/NCa ratio on the clay mineral 
adsorption sites would have to rise slightly. 
The effect of this rise combined with the 
increase in ionic strength which decreases 
the activity coefficients (i.e., 
[Ca2+) = 'I Ca o(Ca2+) -+ [HC03-J = 'IHC03' 
(HCOJ) etc.), would 'cause sligntly increased 
concentrations of Ca2+ and HC03- in the 
groundwater. The water would then be 
slightly supersaturated with respect to 
calcite. This would lead to precipitation of 
very small amounts of calcite. 

As groundwater moves along its flow 
paths, the adjustment processes described 
above occur. The exact position of 
equilibria relations will, of course, be 
a ffected by the local geologic and 
hydrologic conditions. The purpose of this 
discussion has been to outline a conceptual 
geochemical framework that is consistent 
with the characteristic chemical properties 
of the groundwater on a regional scale. 

From the above analysis we are left 
with the question of how and when did the 
Na+ that is adsorbed on the clay minerals 
originally enter the sediments of the 
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Sentinel Butte Fonnation. In the same 
context it is also appropriate to consider 
the origin of the small but significant 
amounts of gypsum that supply the S042
concentrations and Ca2+ for exchange with 
Na+. Gypsum could not have been 
deposited in the freshwater fluvial or 
deltaic environments in which the 
sediments of the Sentinel Butte Formation 
were deposited, nor could gypsum (or 
anhydrite: CaS04) have persisted in the 
water if it had been eroded from 
gypsiferous source areas. Gypsum is 
sufficiently soluble so that highly brackish 
or saline water is required for its 
persistence or formation as a mineral 
precipitate. 

The origins of the adsorbed Na+ and 
of the gypsum are, of course, problematic. 
The sediments of the Sentinel Butte 
Fonnation were laid down approximately 
5a million years ago. The present 
hydrologic regime in the Dunn Center 
region has presumably existed only since 
deglaciation of the area about 13 000 years 
ago, an almost insignificant amount of tune 
compared to the total length of time dUring 
which groundwater has circulated through 
the strata of the Sentinel Butte Formation. 
The present groundwater-flow system, 
which is characterized by downward flow 
through aquitards and lateral flow towards 
the major valleys, rrovides no mechanism 
for introduction 0 larger amounts of Na+ 
into the system. 

Some time prior to the existence of 
the Little Missouri valley, the Sentinel 
Butte and Golden Valley Formations were 
appreciably thicker than at present. Based 
on sediment thickness and the elevation of 
the Killdeer Mountains, it is reasonable to 
expect that the surface of the Dunn Center 
area was buried beneath at least 1000 feet 
and possibly as much as 3000 feet of 
sediment. Given burial of this type, a 
different landscape than at present, and 
many tens of millions of years, a 
groundwater-flow system that carried Na+ 
rich water was probably established at 
some period. This flow system was 
probably analogous to that in the 
Cannonbill, Ludlow, Hell Creek, and Fox 
Hills Formations in this area at the present 
time. This would have caused the 

adsorption sites on clay minerals to become 
loaded with Na+ in preference to other 
cations. The present groundwater-flow 
regime is in the process of removing Na+ 
from the clays, but because the flow rates 
are so slow, Na+ has continued to occur in 
major amounts. 

Although we consider them to be less 
reasonable than those presented above, 
there are other hypotheses that could 
account: for the adsorbed Na+. At some 
time after deposition of the sediments of 
the Sentinel Butte Formation, there may 
have been a marine invasion of the area. 
Since there is no evidence of marine 
sediments above the Sentinel Butte 
Formation, this mechanism is considered 
improbable. When the Dunn Center area 
was glaciated, ice load stress on the 
subglacial strata may have caused saline 
water in strata such as the Pierre Formation 
and in aqUifers below to be squeezed up 
into shallower zones. This water would 
most likely have had a high Na+ content. 
However, if glacial squeezing actually did 
cause saline water to flow upward, it is 
unlikely that the water would have flowed 
upward as far as the Sentinel Butte 
Formation. The water would probably have 
entered some of the mOre permeable deep 
aquifers such as the Fox Hills and Hell 
Creek Formations and traveled laterally, 
rather than continue to move upward 
through numerous overlying aquitards. 
Another hypothesis is that marine 
interstitial water was squeezed upward out 
of the sediment of the Cannonball 
Formation as deposition of overlying 
sedimen ts caused consolidation of this 
sediment. The sediment of the Cannonball 
Formation was deposited in a marine 
environment (Cvancara, 1976); however, it 
is less than 300 feet thick and therefore 
would not have been able to supply very 
large volumes of Na+ rich water even if 
consolidation did cause some upward flow. 

The small amounts of gypsum that 
contribute S042- to the groundwater may 
have been introduced into the strata of the 
Sentinel Butte Formation as precipitates 
formed during (1) the circulation of the 
brackish or saline water that contributed 
the Na+ to the clay minerals, or (2) during 
circulation of some other brackish or saline 



water. There is another explanation, 
however, which seems to be more 
reasonable. 

The chemical reaction represented in 
Eq. (10) indicates that oxidation of FeS2 
(pyrite or marcasite) can produce S042- in 
solution. As indicated previously, there is 
insufficien t dissolved oxygen in rain or 
snow melt toilr<~duce. m~re than about 17 
mg/l of S04 -, lf oXldatlon occurs below 
ground surface as recharge water infiltrates 
towards the water table. Many lines of 
evidence (sec. 3.6.6) indicate that nearly all 
water that infiltrates below ground surface 
in the Dunn Center area and in most other 
areas of western North Dakota evaporates 
or evapotranspires before it infiltrates deep 
enough to recharge the water-table zone. It 
is 0 nly the exceptional rainfall or 
snow-melt events or combination of events 
that cause groundwater recharge. It is 
likely, therefore, that much of the water 
that infiltrates through the solum while 
carry ing sufficient oxygen to cause 
oxidation of FeS2 is evaporated or 
evapotranspired before it reaches the water 
table. If this water encounters FeS2 before 
it is lost by evapotranspiration it will 
become more acidic as a result of H+ 
production. It will also contain as much as 
about 17 mg/l of S042-. If the water comes 
into contact with calcite (CaC03) or 
dolomite (CaMg(C03h), the acidity caused 
by H+ production (i.e., H2C03) from C02 
and by FeS2 oxidation would cause 
dissolution of these minerals. The 
infiltrating water would then be 
characterized by Ca2+ and possibly Mg2+ 
as the dominant cations and by HC03- and 
S042- as the dominant anions. If these 
major ions then become concentrated 
because of evapotranspiration, the residual 
water would precipitate gypsum and calcite 
in zones above the water. The water in the 
pore spaces need not go to dryness for 
these mineral precipitates to form. 
Supersaturation with respect to calcite 
would occur after only a slight amount of 
eva po transpiration has occurred. 
Considerable concentration would have to 
take place before gypsum would 
precipitate. 

The roots of vegetation draw water 
from the solum and in many areas from 
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below the solum. Some of the types of 
prairie grasses that occur in the Dunn 
Center area can send roots as deep as 11 
feet below ground surface (personal 
communication, Dr. V. Facey, professor of 
botany, UND). The rootlets of grass and 
other vegetation act as semi-permeable 
membranes. As water is drawn from the 
porous medium into the transmission 
channels in the interior of the rootlet, the 
membranes that comprise part of the 
rootlet walls are capable of acting as 
selective filters, thereby preventing most of 
the major ions from being transported into 
the main root channels as water moves up 
to the leaves. In general, it is expected that 
the process of evapotranspiration will 
remove water from the soil and subsoil 
zones and leave most of the salts behind. 
Evapotranspiration as well as evaporative 
vapor transport processes, therefore, would 
both tend to produce major-ion increases 
that would occur as the water content of 
infIltrating water is reduc..ed. 

The gypsum precipitated as th~ end 
resul t of the FeS2 oxidation and 
evapotranspiration processes will be 
available in the unsaturated zone as a 
source of Ca2+ and S042- to infiltrating 
water that on later occasions passes 
downward through the soil. Since it is only 
very infrequently that appreciable amounts 
of water travel all the way through the 
unsaturated zone to the water table, the 
gypsum that precipitated during many 
FeS2 oxidation and evapotranspiration 
cycles would provide large Ca2+ and S042
concentrations to the water recharging the 
groundwate~ zone. If this mechanis~ is in 
fact the mam source of the S042- 1ll the 
groundwater, major S042- concentrations 
would be typical of shallow groundwater as 
well as deeper ~oundwater and major 
increase~ in S042- concentration with 
depth would not occur. These features are 
consistent with the observed occurrence of 
S042- in groundwater of the Sentinel Butte 
Fonnation. 

A second source of S042- ions in the 
groundwater in the Dunn Center area is 
suggested by the distribution of gypsum in 
the shallow groundwater. In section 3.6.12 
and 3.6.13 a strong parallel between high 
gypsum content and recharge through low 
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areas, especially valley floors, was noted. It 
is possible that this reflects subaerial 
weathering of sulfide particles and 
concentration of S042- in low-land areas 
by surface-water transportation. 

As was shown above, pyrite and 
marcasite are commonly present in 
sediment of the Sentinel Butte Formation. 
When these sedimen ts are eroded by 
running water, the pyrite and marcasite are 
exposed to the air. Because adequate 
oxygen is present in this case, the sulfide 
can be readily oxidized to a sulfate. The 
sulfide grains can be moved down slope 
physically as bed load and suspended load 
in streams and the sulfate can be moved as 
dissolved load. Except during spring runoff 
and during extremely heavy, local rainfall 
events none of the small streams draining 
the project area reach Spring Creek or the 
Knife River. Rather, they reach local 
depressions or valley floors, drop their 
sediment load, and infiltrate into the floor 
of the valley or evaporate. Sulfide grains in 
the sediment load are then exposed once 
again to the atmosphere and are further 
oxidized. Dissolved sulfate is either carried 
into the ground, where the water 
infiltrates, or is left on and just below the 
surface as gypsum, where the water 
evaporates. When the valley floor becomes 
wet again, the gypsum would be dissolved 
and could infiltrate in sites where 
infiltration is favored. 

ThIS process could account for the 
concentration of higher sulfate values along 
the partly buried meltwater valleys that are 
evident as deep as in the F- and H-lignites. 
It can also account for the very high sulfate 
values in the highly saline samples that 
appear to represent direct recharge from 
evaporitic surface waters. 

3.10.5 Groundwater Below the 
Sentinel Butte Fonnation 

Although there are not many chemical 
analyses of samples from wells in the 
Bullion Creek Formation, the few that 
there are (table 3.6.12-1) indicate that the 
groundwater in this formation is NaliC03 
type water with S042- concentrations 
generally much lower than the S042
values in groundwater in the Sentinel Butte 
Formation. There are no Fox Hills wells 

currently operating in the study area (a 
well in the Fox Hills Formation at the 
town of Dunn Center has been installed but 
is not yet operational). A Fox Hills well 
located just three miles north of the area 
and one located in the town of Halliday 
two miles east of the study area have 
NaHC03 type water with S042
concentrations below 10 mg/I. This 
suggests that in the Dunn Center region 
very low S042- values are probably typical 
of Fox Hills-Hell Creek groundwater. East 
of Dunn Coun ty in Mercer, Oliver, and 
McLean Counties, the S04 concentrations 
in the Fox Hills-Hell Creek aquifer are very 
low (Croft, 1973; Klausing, 1974). In a 
regional study west of the Dunn Center 
area, Hamilton (1970) also observed very 
low S042- values in this aquifer. 

The low S042- concentrations in 
these deeper zones indicates that (1) S042
is being lost through processes of so42
reduction or (2) S042- is generally absent 
from the geologic materials through which 
the groundwater in these formations flows. 
If S042- reduction is the cause of the 
paucity of S042- significant levels of H2S 
gas should be a characteristic feature of the 
groundwater. H2S gas, which is often 
referred to as rotten egg gas, is detectable 
by smell to levels as low as about 10-8 atm 
of partial pressure. Well water that smells 
of H2S is good evidence of 5042
reduction. The smell of H2S was not 
present in water from the UND wells in the 
Bullion Creek Formation nor was it present 
in the two Fox Hills-Hell Creek wells that 
were sampled in the Dunn Center area. 
Although Croft (1973) suggests that the 
very low S042- concentrations in the Fox 
Hills-Hell Creek aquifer may be due to 
S042- reduction, he makes no mention of 
H 2 S occurrence in this aquifer. If 
appreciable amounts of HZS occur in this 
aquifer, it would be expected that this gas 
would be an important factor limiting the 
use of water obtained from the aquifer. 

The process of S042- reduction can 
be represented as follows (Stumm and 
Morgan, 1970). 

S042-+CH20+6H+ - H2S+C0 2+ 
3HZO (20) 
CtlZO is a simple carbohydrate used in this 
equation to represent whatever organic 
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matter is involved in the oxidation process. 
For S042- reduction to occur in an 
anaerobic aqueous environment a 
compound must be oxidized (i.e., there 
must he an electron doner). Organic matter 
is normally expected to be the electron 
doner. The result of organic matter 
oxidation is an increase in PC0 2 and 
H2C03 and a decrease in pH. If calcite or 
dolomite are present, this will cause 
dissolution of these minerals, thereby 
raising the HCO j, Ca2+ and Mg2+ 
concentrations. If the Ca2+ and Mg2+ are 
exchanged for Na+ on the adsorption sites 
of clay minerals, the end result of the 
process of S042- reduction will be higher 
Na+ HC03", and pH values. 

I f high SO4 2- conten t water f1 owing 
downward through the Sentinel Butte 
Formation is a major source of water 
feeding the Bullion Creek Formation, and 
if the S04 2- is then lost by reduction 
processes within the strata of the Bullion 
Creek Formation, we would expect to 
observe exceptionally high HC03
concentrations and widespread H2S smell 
in Bullion Creek wells. Bullion Creek wells 
do not exhibit such features, and it is 
reasonable to conclude that water in the 
Bullion Creek Formation in the Dunn 
Center area has been derived mainly from 
lateral inflow rather than from downward 
seepage from the Sentinel Butte 
Formation. There is also the possibility 
that significant amounts of Bullion Creek 
water are derived by upward seepage from 
the Fox Hills Formation. 

4.0 IMPACTS OF THE PROPOSED 
DUNN CENTER PROJECT ON THE 

GEOLOGIC AND GEOHYDROLOGIC 
ENVIRONMENT 

The following section IS a brief 
summary of the conclusions of a more 
extensive impact assessment reported by 
Moran and others (1976). 

4.1 Effects on Water Levels in Wells 

Throughout most of the area of the 
proposed AMAX Dunn Center No.1 mine, 
the Dunn Center bed and A-lignite are 
beneath the regional water table. In limited 

areas, the B-lignite is also saturated. The 
process of mining will cause groundwater 
to flow through the lignite beds toward the 
mine where it will discharge into the 
excavatiot: in springs and seeps. This will 
result in a decline in the potentiometric 
surface in the lignite beds, which in turn 
will produce an increase in downward 
seepage from the confining beds. This will 
ultimately result in a decline in the regional 
water table adjacent to the mined area. The 
effect of these declines in potentiometric 
surface will be to cause a decline in water 
level in wells, which are completed in 
lignite beds that outcrop in the walls of the 
excavation. Water level in lignite beds 
beneath the Dunn Center bed is not 
expected to be affected by mining. 

The area of the proposed AMAX 
Dunn Center No.1 mine is bounded on the 
west, north, and east by deeply eroded, 
partly filled glacial meltwater valleys. These 
valleys effectively limit the distance out 
from the mine that wells will experience a 
decline in water level. On the west and 
north, the Dunn Center bed outcrops above 
the floor of the valley so all effects on 
water levels will end at the valley wall. On 
the east, the Dunn Center bed is bounded 
by saturated, highly permeable material in 
the valley fill. On the basis of our study, it 
appears that the valley fill sediment can 
supply all the water that will seep into the 
mine without experiencing a significant 
decline in head. 

The deeply eroded glacial meltwater 
valleys that bound the mine area on the 
south are more distant from the mine, ~d 
water levels in wells between the mine and 
these valleys, several miles to the south, 
will decline. The magnitude of water-level 
decline in a well is a function of the 
distance from the mine, the time since 
mining began, the amount of water-level 
decline at the edge of the mine, the storage 
coefficient and transmissivity of the lignite, 
and the hydraulic conductivity of the 
overburden on the lignite. On the basis of 
the values of these variables that we have 
determined or estimated in the Dunn 
Center area, we believe that water-level 
decline in wells will probably be less than 5 
feet at a distance of two miles from the 
mine. In most places, drawdown will 
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probably be one foot or less at a distance 
of 2 miles. In most places, drawdown of 10 
feet or more will probably be restricted to 
a distance of about 0.5 mile from the 
highwall. 

Following the reclamation, the water 
level in areas that have been mined will 
begin to rise. Once mining stops the water 
level in wells south of the mine will also 
begin to return toward their former level. 

4.2 Effects on Surface Water Regime 

The proposed project should have no 
impact on either Lake Ilo or Marshall 
Slough. Both lakes are located in 
groundwater recharge areas and neither is 
fed by significant amounts of groundwater. 
In addition, Lake 110 is situated such that it 
would not receive seepage from the mine 
area. 

Spring Creek receives groundwater 
discharge that passes through the Dunn 
Center bed in the area of the proposed 
AMAX Dunn Center No.1 mine. The mine 
would prevent this water from reaching 
Spring Creek. We estimate that this could 
represent a maximum decrease of about 1.7 
cubic feet a second in the flow of Spring 
Creek, about 10 percent of the 
groundwater discharge that reaches Spring 
Creek from within the Dunn Center project 
area. 

4.3 Effects on GroWldwater Chemistry 

The estimation of chemical quality of 
groundwater in the cast overburden 
following reclamation is extremely 

difficult. The chemical system is very 
complex and contains numerous variables, 
many of which can only be estimated with 
the available data. On the basis of the data 
available, it seems likely that the chemical 
quality of the groundwater in the cast 
overburden may be similar to the 
lower-quality water that occurs in the 
overburden at present. It may be, that in 
significant areas of the cast overburden, the 
chemical quality of the water will be quite 
good. 

The same uncertainty exists with 
respect to the chemical quality of 
groundwater in cast overburden in which 
gasifier ash has been disposed. The data 
available suggest that the chemical quality 
may be as low or lower than the poorer 
water in the overburden at present. This 
conclusion is very tentative, and the final 
water quality may well be considerably 
better. 

4.4 Effects on Post·Mining Water Supply 

Even if the water in the cast 
overburden is of low chemical quality, 

., 

adequate groundwater supplies can be 
developed in the mined area to permit the 
reestablishment of an agricultural 
economy. Aquifers beneath the Dunn 
Center bed will be unaffected by the 
mining and wells can be completed in 
them. These materials are generally not as 
permeable as the shallower lignite and sand 
aquifers. As a result more wells will be 
required in order to produce the same 
amount of water as at present. 

-I 
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APPENDIX I
 
DEPTH TO TOP OF STRATIGRAPHIC MARKER BEDS
 

Well 
Location 

Elevation (ft) 

UND-l 
143-93
07CCC 
2172.4 

UND-2 
144-94
35DAA 
2247.3 

UND-3 
144-94
13 DAD 

2254 

UND-4 
144-93
06 BAD 

2223 

UND-S 
145·93
338AA 
2203.2 

UND-6 
145-93
16CBB 
2264.9 

UND·7 
145-93
MBBC 
2280.95 

UND-8 
146-93
23CBB 
2309.9 

UND-9 
146-93
27ADD 
2243.65 

UND-I0 
146-93· 
33ADD 
2233.85 

UND-ll 
145-93
09DAA 
2235.9 

UND-12 
145-93
06CDC 
2234.0 

UND-13 
145-93
210AA 
2189.6 

UND-I4-0 
145-93
33BCC 

2244 

UND·I4-3 
145-93
33CBC 
2271.3 

UND-IS 
145-93
36BCC 
2170.4 

Coleharbor Group 
Golden Valley Fro. 
SenUnel Butte Fro. 
C-Llgnite 
B-Interval 

G.L. G.L. G.L. G.L. G.L. G.L. G.L. G.L. G.L. G.L. G.L. G.L. G.L. G.L. G.L. G.L. 

B-Lignite 
A·lnterval 
A·Lignite 
DC-Interval 
DC-Lignite 

- 
- - - 

- 
- 
G.L. 
42 

G.L. 
65 
64 
87 

--
G.L. 

80 

- - 
G.L. 
92 

G.L. 
49 
66 

166 

G.L. 
73 
82 

148 

G.L. 
121 
130 
165 

- - - - 

G.L. 
41 
56 

101 

G.L. 
62 
59 

126 

- 
- 
G.L. 
88 

- 
- 
G.L. 
63 

G.L. 
44 
53 

108 

G.L. 
63 
70 

122 

E-Interval 
E-Lignite 
F-Interval 
White Bed Top 
White Bed Base 

G.L. 
84 
37.6 
81.6 
49 

67 
114 
118 
119 
139.6 

107 
138.6 
13 9.5 
147 
161 

45 111 
123 
128.6 
186 
196 

181 
220 
228 .6 
237 
274 .6 

158 
208 
209 
216 
234 

168 
207.6 
212 

? 
? 

G.L. 
116 
120.6 
173 
215 

110 
143 
148 
192 
216 

136 
186 
194.5 
197 
222.5 

100 
131 
139 
160 
171 

77 
117.6 
124 
129 
163.6 

126 
14 9.6 
154.5 
171 
193 

140 
167 
172 
182 
198 

G.L. 
81 
86 

F-Lignite 
G-Interval 
G-Lignite 
H·Interval 
H-~te 

112.5 
- - 

114 
126 .• 

194.6 
- - 

196.6 
199.6 

236 
- - 

240 
260.6 

206 - - 
216 
226 

288 - - 
299 
320 

282 
284 
286 
293 
319 

308 
306 
U8 
SSO 
331 

214 
216 
241.6 
248 
260 

216.6 
219 
231 
23 6.5 
239.6 

260 - - 
258 
264 

223 
233 
246 
247.6 
262 

177.6 

186.6 
202.6 

218 

227 
243 

238 

246 
268 

162 

167 
190 

I-Interval 
I-Lignite 
J-lnterval 
J-Lignite 
Bullion Creek * 

131 
274 .6 
276 
346 
366 

203 
860 
852 

267 281 
807.6 
S08.6 

337 
424 
427 
4H 
484 

326.6 
419 
C26 
469 
480 

334 
«06.6 
418 
416.6 
491 

268.6 
334 
340 
COl 
406 

244 .6 
845 
362 
399 
408 

269.6 
398.6 
391 

267 
367 
360.6 
399 
409 

208 
322.5 
324.5 
379.6 
387 

260 
396.5 
399.6 
463.6 
462 

270 198.6 
279 
282 
840 
3« 7.6 

M·Llgnite 
N-lnterval 
N-Lignite 
N-Ligntte (base) 
Cannonball Fm. 

567 
588 
748.5 
764 

Ludlow FIn. 
Hell Creek Fro. 
Fox Hills Fm. 
Pierre Fm 
Flill Rtver Fm.. 

Lakota Fro. (base) 
Opecbe Fm. 
MInnelusa Fm.. 
MiDnelU$B FIn. (base) 

TO 

• Arbi trary contact 

220 379 382 58 321 49( 490 606 494 614 403 496 500 614 514 820 
I-' 
00 

'" 
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I-'APPENDIX I-Continued .,0 

DEPTH TO TOP OF STRATIGRAPHIC MARKER BEDS 

Well 
Loc:ation 

Elevation (£t) 
ColebarboJ Grol.lP 
Golden Valley Fm. 
Sentlnel Butte Fm. 
G-Lignite 
B-Interval 

UND-16 
144-93
OSBCB 
2220.85 
-

-
G.L. --

UND-17 
144-93
09 DDD 
2286.7 

--
G.L. 
H.6 
64 

UND-18 
144-94
23ADD 
2361.0 
--
G.L_ 
44 
49 

UND-19 
144-94
16AAA 
2290.7 
--
G.L_ 
-
G.L. 

UND-20 
144-94
21 CDC 
2196.6 

G.L. -
109.6 --

UND-21 
144-94
25CAA 
2312.5 
--
G.L. 
--

UND-2.2 
143-94
01ABB 
2255.0 
--
G.L. 
--

UND-23 
144-93
07CDD 
2254.15 
--
G.L. --

UND-24 
144-93· 
07DCD 
2241.2 

--
G.L. --

UND-25 
144-94
14DCC 
2329.3 
--
G.L. 
10 
18.6 

UND-26 
144-94
16BAB 
2197.5 

G.L. 
-
117 

UND-27 
144-94
16BBA 
2192.9 

G.L. -
118 

UND-28 
144-94
01CCC 
2187.9 

G.L. 
-
10 

UND-29 
144-93
20 ADA 
2264.0 

G.L. 

UND-30 
144-94
07 DAA 
2265.0 

G.L. 

UND-31 
145-92
28 DAA 
2110.1 

G.L. 

B-Lignite 
A-Interval 
A-Lignite 
DG-lntel'\'al 
DC-Lignl te 

-
G.L. 

6 
9 

61 

67 
77 

126 
13% 
206 

69 
77 

178 
186 
191 

11.6 
13 
U 
43.6 

100 

----
-

-
G.L. 
66 
70 

140 

---
G.L. 
76 

-
G.L. 
39 
46.5 
86.6 

-
G.L. 
26 
31.6 
82 

32.6 
41.6 

146 
163 
161 

-
-
-
-

---
-

----

G.L. 
76 
84 

123 

G.L. 
27 
36 
62 

G.L. 
17 

E-Interval 
E-Lignite 
F-InteNal 
White Bed Top 
White Bed Base 

79 
109 
116 
--

227 
2&6 
260 
217 
806 

210 
287.6 
241 --

114 
118.6 
177 
194 
216 

-----

166 
200 
208.6 
208.6 
234.6 

94 
14 7.6 
161.6 

106 100.6 176 
211 

-
-

117 
111 
148 

118 
128 
126.6 
130.6 
147 

10 
67 
60.6 
61 
72 

149 
116 
179 
181 
212 

68 
130 
184 
139 
170 

28 
64.6 
66 
66 

186 

F-Lignite 
G-InteNal 
G-Lignlte 
H·lnterval 
H-Lignlte 

212.6 --
217 
248 

381 --
336.6 
364 

811 --
814 
826 

H9 
--
262 
26 1)_6 

109.6 
112 
119.6 
120.6 
169 

268.6 
-
-

211 
276 

161 --
166 
184.6 

166 
--

. 160 
176.6 

140 
--
143 
168.6 

264 --
267 
387 

189 
194.6 
216 
218.6 
238 

136.f> 

143 
166 

I-Interval 
I-Lignite 
J-Interval 
J-Licnite 
Bullion Cr~k* 

260 
361 
364 
407 
4IC .6 

362.6 
463.6 
467 

380.5 269 
388.6 
390.6 
470.6 
478 

170 
267.6 
269.6 
304 
312.6 

281 1&8.6 179.6 178 
282.6 
284.6 
362 

368 

394 
430 
432 
469 
476.6 

236 
316.6 
818.6 
402.6 
412 

164 
243 
246 .5 
31 &.& 
319.6 

M-L1gnite 
N-Interval 
N-Lignite 
N-Lignite (base) 
Cannonball Fm. 

697 
612.6 
719 
736 

-
644 .6 

690 
106 
8U 
861 

701 
712.6 
816 
882.6 

Ludlow Fm. 
Hen Creek Fm. 
Fox Hills Fm. 
Pierre Fm. 
Fall River Fm. 

Lakota Fm. (basel 
Opeche Fm. 
Minneluaa Fm. 
Minnelusa Fm. (base) 

TD 498 603 (02 600 760 360 160 120 120 213 202 222 666 916 970 420 

*Arbitrary contact 
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APPENDIX I-Continued
 
DEPTH TO TOP OF STRATIGRAPHIC MARKER BEDS
 

Well UND-32 UND-33 UND-34 UND-35 UND-36 UND-37 UND-38 UND-39 UND-40 UND-41 UND-42 UND-43 UND-44 UNIM5 UND-46 UND-47 
Location 145-93- 145-94- 145-92- 144-94- 144-93- 144-93- 144·94- 143-93- 145-93- 145-93- 145-93- 145-94- 145-94- 144-94- 145-94- 145-94

27 ACB 34DDA 22CCC 13CCC OOCBB 17 ADA 15BDD 14AAD 02CDD 04DDD 07 DDD 27 CAB 34CCC 06CBB 34CBB 28DCD 
D~ation (It) 2110.7 2223.5 2074.3 2300 2197.3 2224.9 2352.9 2156.4 2188.25 2117.15 2200.3 2176.1 2191.9 2302.2 2271.3 2194.6 
Coleharbor Group G.L. -- G.L. - G.L. G.L. - G.L. - - - G.L. G.L. 
Golden Valley Fm. -- -- -- - - -- - -- - - - - 
Sentinel Butte Fm. 16 G.L. 36 G.L. 117 27 G.L_ 192.6 G.L. G.L. G.L. 16 105 G.L. G.L. G.L.
C-Llgnite -- -- -- - - -- 
B-Interval G.L. C.L. 

B-Ugnite -- -- -- 18 - -- 44 
A-Interval -- G.L. -- 26 - -- 53 - G.L. G.L. 
A-Lignite -- 14 -- - 66 101 - 38 U 
DC-lntel'\'lU -- 21 -- - 68 104 C.L. 40 60 - - G.L. G.L_ 
DC-Lignite -- 64 -- - 83 163 38 89 - - 64 43 

E-Inten<al 16 70 36 - 104 179 42 101 - - 73 60 
E-Lignite 31.6 106 66 - 1 S 7.6 15 - 90 77 
F-Interval 36.6 111 67 177 140.6 16 - 96 84 G.L. 
White Bed Top 89 136 64 177 143.!i 
White Bed Base 49.6 161 76 164 

F-~te 109 168 76 2'8.6 - 157 144 67 
G-lnterval -- -- -- -- 105 163 149 62.6 
G-LigDite -- -- -- -- 107 196 18% 93.6 
H-1nterval 119 166.1i 79 246 114 200 191 102.!i 
H-Llgnite 146.6 202 102.6 271 134 

I-Interval 162.6 206 116 278 143 
I-Lignite 307 186 
J-Interval 309 189.6 
J-Lignite 869 
Bullion Creek" 3 76.6 

M-Ugnlte 670 
N-Interval 681.6 
N-Lignlte 76i 
N·Lignlte (base) 767 
Cannonball Fm. 

Ludlow Fm. 
Hell Cleek FIn 
Fox Hills Fm. 
Pierre Fm. 
Fall River Fm. 

Lakota FIn. (base) 
Opeche FIn. 
Minnelusa Fm. 
Minnelusa Fm (base) 

TO 166 800 212 U 182 289 201 261 C3 61 112 17 120 222 201 164 
~ 

..ArbitlarY contact \0 
~ 



f-'APPENDIX I-Continued \D 

DEPTH TO TOP OF STRATIGRAPHIC MARKER BEDS N 

Well 
Location 

Elevation (ft) 
Coleharbor Group 
GOlden Valley Fm. 
Sentinel Butte Fm. 
C-Lignite 
B-Interval 

UN~ 

144-94
13CBB 
2258.9 

-
G.L. 

UND49 
144-94
01 CDD 
2205.3 

G.L. -
115 

UND~O 

144-94
01CCD 
2183.4 

G.L. 
-
10 

UND~1 

144-94
12 ABA 
2204.7 

G.L. -
68 

UND-52 
144-94
12 ABA 
2203.1 

G.L. 
-
93+ 

UND-53 
144-94· 
01 eBB 
2174.05 

G.L. 
-

20 

UND·54 
144-94
01CBC 
2172.6 

G.L. -
10 

UND~5 
144-94
01 BCR 
2173.9 

G.L. -
161.5 

UND~6 
144-93
32CDD 
2198.0 

G.L. 
-

186 

UND-57 
144-94
01 DCB 
2179.05 

G.L. -
110+ 

UND-58 
144-94
02DBC 
2169.7 

G.L. 
-

67 

UND-59 
144-94
12AAD 
2189.6 

G.L. 
-
122 + 

UND-60 
144-94.
01 DAA 
2222.4 

G.L. 

UND-61 
144-94
16ABB 
2217.5 

G.L. 

UND-62 
144-94
16AAB 
2257.9 

G.L. 

UND-63 
144-94.
17 ABB 
2322.0 

G.L. 

B-Lignite 
A-Interval 
A-Lignite 
DC-Interval 
DC-Lignite 

G.L. 
60 
70 

-
-
-
-

-
-
--

----
--
-
-

-
-
--

----

-
---

----

----

-
---

--
G.L. 
Bum 

--
G.L. 
10.6 

-
-

G.L. 
60 

G.L. 
46 
47 

100 

E-Interval 
E-Llgnite 
F-Interval 
White Bed Top 
White Bed Base 

-
-
116 

10 
29 
32 
37 
46 

--
53 
63 
67 

--
93 

20 
56.6 
U 

10 -----

----
-

--
110 --

-
67 
71.6 

30 
86 
91.& 
97.6 

120 & 

19.6 
82.6 
86 

73 110 

F-Llgnite 
G-Interval 
G-Lignite 
H·Interval 
H-Llgnite 

143 .5 

146 
164 

-
-

161.& 

238 

241 
244 .6 

150 

I·Interval 
I-Li~te 
J-Interval 
J-Llgnite 
Bullion Creek* 

170 169 253 

M-Lignite 
N·lnterval 
N-Lignite 
N-Lignite (base) 
Cannonball Fm. 

Ludlow Fm. 
Hell Creek Fm. 
Fox: Hills Fro. 
Pierre Fm. 
Fall River Fm. 

Lakota FIn. (base) 
Opeche Fm. 
Minnelusa Fm. 
Minnelusa Fro. (base) 

TD 67 122 116 180 93 61 41 181 250 110 82 122 120 96 99 120 

*Arbitrary contact 



APPENDIX I-Continued
 
DEPTH TO TOP OF STRATIGRAPHIC MARKER BEDS
 

Well 
Location 

Elevation (it) 

UN~ 
1#94
17AAB 
2264.1 

UND-05 
145-93
33BCC 
2244.6 

UND-66 
145-93
33BBC 
2177.1 

UND-{i7 
145-93
33BBB 
2178.8 

UND-oB 
145-94
34AAD 
2208.4 

NDGS 32 
143-92
10BBB 
2240.0 

NDGS 33 
144-92
10CCC 
2160.0 

NDGS 36 
146-91
30CCC 
2240.0 

NDGS 37 
146-92· 
22 Ace 
2360.0 

NDGS 38 
146-94
02 ADD 
2375.0 

NDGS 39 
146-94
20DDD 
2260.0 

NDGS 40 
145-95
02DCC 
2305.0 

NDGS 43 
146-93
10DBB 
2430.0 

NDGS 44 
145-92
30DCC 
2165 

NDGS 45 
145-91
18AAD 

2300 
Coleharbor Group 
Golden Valley Fro. 
Sentinel Butte Fm. 
"Lignite 
B-lnterval 

-
-

G.L. 
--

- - 
G.L. - - 

-
-

G.L. 
--

--
G.L. 
-
-

--
G.L. 
--

--
G.L. 
-

G.L. 

-
-

G.L. 
21 
26 

--
G.L. 
--

--
G.L. 
--

-
-

G.L. 
-

G.L. 

-
-

G.L. 
-

G.L. 

--
G.L. 

G.L. 
10 
80 G.L. G.L. 

B-Llgnite 
A-Interval 
A-Lignite 
DC-Interval 
DC-Lignite 

---
G.L. 

62 

- 
G.L. 
(3 

49.6 
109.6 

-
-
-

G.L. 
64.6 

-
-
-

G.L_ 
40 

-
G.L. 

8 
6 

40 

134 
140 
184 
188 
219 

H 
60 
85 
9( 

11~ 

-
G.L. 
110 
liS 
126 

-
G.L. 
140 
148 
176 

74 
89 

161 
169 
248 

82 
93 

122 
126 
154 

81 
98 

140 
143 
203 

80 
218 
229 
269 

--
G.L. 

64 

G.L. 
99 

109 
160 

E-Interval 
E-Lignite 
F·Interval 
Wh.Ite Bed Top 
Wh.Ite Bed Base 

68 127.6 
160.6 
166.6 

73 
87 
92 

68.6 57.6 231 
310 
314 

146 
184 
188 

166 
247 
249 

208 
272 
276 

264 
293 
296 

166 
204 
214 

217 
233 
239 

292 
334 
3S9 

60 
116 
119 

174 
248 
262 

F-Lignite 
G-IntervaJ 
G-Ugnite 
H-Interval 
H-Li&:nite 

362 
362 
S78 
381 
413 

278 
286 
314 
817 
346 

276 -
-
279 
308 

337 
--
340 
366 

314 
-
-
317 
BS6 

263 
-
-
266 
318 

268 
--
273 
336 

882 
386 
417 
424 
426 

177 
--
182 
200 

298 
SOl 
819 
322 
327 

I-InteJVaJ 
I-Lignite 
J-InteJVal 
J-L1gnite 
Bullion Creek· 

417 
488 
494 

349 
423 
426 
482 
486 

316 
407 
413 

366 
439 
446 

348 
600 
606 
646 
667 

321 
408 
410 
434 
447 

337 
386 
897 
461 
478 

426 
511 
619 
672 
686 

208 330 
392 
396 
606 
516 

M-L1gnite 
N-lnteJVal 
N-L1gnite 
N-Llgnite (base) 
Cannonball Fm. 

Ludlow Fm. 
Hell Creek FIn. 
Fox HIlls Fm. 
Plene FIn. 
Fall River Fm. 

Uikote Fm. (bll8e) 
Opeche Fm. 
Minnelusa Fm. 
MInnelusa Fm. (base) 

TO 

'" Arbitrary contact 

98 110 90 80 80 690 680 500 580 600 600 600 640 240 710 ...... 
\D 
l.>J 



l--"APPENDIX I-Continued \0 
~DEPTH TO TOP OF STRATIGRAPHIC MARKER BEDS 

Well Dwm Center 
Municipal Well 

Hallidll)' 
Municipal WeU 

Oil Test 
892 

Oil Test 
1787 

Oil Test 
3044 

Oil Test 
3199 

Oil Test 
4220 

Oil Test 
4488 

Oil Test 
4527 

Oil Test 
4707 

Oil Test 
4748 

Oil Test 
5155 

Oil Test 
5162 

Oil Test 
5396 ' 

Location 145-94 145-92 144-94 143-93 143-92 144-92 145-94 145-92 143-93 145-93 144-94 143-94 145-93 146-93
UACD 25 ABA 19CA 23AB 27AA 16AB 13AC 28AA SCAA 25 DC 28 AD 13CC 32CC 16CA 

Elevation (ft) 2205 2045 2411 KB 2238 GL 2200 KB 2198 KB 2197 GL 2141 KB 2186 KB 2187 KB 2221 KB 2133 KB 2221 KB 2383 KB 
Colelarbor Group 
Golden Valley Pm. 
Sentinel Butte Fm. G.L. G.L. 
e..Ugnlte 
B-Interval 

B-Ugnlte 
A-Interval 
A-Ugnlte 
DC-Interval G.L. G.L. 
De..Llgnlte 30 72 226 

E-Interval U 92 2H 
E-Llgnlte 80.6 106 26~ 

F·lnterva1 86.6 110 270 
White Bed Top 
White Bed Base 

F·Llgnlte 
G-Interva1 

III 
116 

194 -
377 
881 

G-Llgnlte 
H-Interval 

1%7 
136 

-
202 

888 
896 

H-Lignite 168 212 399 

I-Interval 162 220 &09 
I-Lignite 302 302 483 
J-lntervai 804 806 490 
J·Llgnlte 
Bullion Creek· 

368 
366 

366 
374 

649 
660 

M·Lignite 
N-lnterval 

686 
698 

824 
837 

660 
686 

600 
615 

668 
678 

686 
694 

N·Lignite
N·Lignlte (base) 
Omnonball Pm. 

806 
829 

llH 798 

926 
960 

1%26 1006 976 1062 876 920 

766 
780 

1026 

718 
736 

1066 870 

814 
880 

1046 

1003 
1016 
1236 

Ludlow Fm. 
Hell Creek Pm. 

1371 
14 09 

1068 - 14Sb - 1210 1220 
1886 

1297 
-

1166 - 1130 - 1286 
1416 

1274 
14 66 

1096 
1296 

1806 - 14 70 
1664 

Fox HI.l1s Fm. 1309 176 2 14 90 1606 - 14 20 1446 1610 1680 1460 1613 1728 
Piene Pm. 1976 1776 1780 1807 1717 1706 1786 1816 1660 1836 2026 
Fall River Fm. 6370 6008 4996 4946 6077 U60 60&0 6040 6120 6026 61H 6342 

Lakota Fro. (base) 
Opeche Fm. 
MlnnelUlla Fm. 

6760 
7060 
1616 

6338 
6666 
6972 

6246 
6466 
6660 

6270 
6360 
7811 

6387 
6770 
7137 

H76 5420 6488 6346 
6686 
6990 

6666 
6782 
7180 

6726 
6976 
7830 

Minnelusa Fm. (bese) 7690 7196 6820 7036 7367 7230 7886 7630 

TD 1496 9712 8906 1216 7 9026 13810 6260 6146 6497 6580 7786 8012 944 0 

• ArbitrarY contllCt 



195 

APPENDIX n
 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES
 

EXPLANATION
 

SYMBOLS LITHOLOGY
 

... Lignite 

U' ~.:' .:.;'::j Sand 

r;-;~-;::'~"-:-;I Silt 

~-;~';i-;J Clay 

[2-': ::-::1 
\ 

Concretion 
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APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UND EES 75-1-3 
SW14SWY.aSWY.a 
Sec 07, Tl43N, R93W 
Century: 8090 Log 
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APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UNO EES 75-2-1 
NEY4NE~SE~ 

Sec 35, Tl44N, R94W
 
Century: 8090 Log
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APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UND EES 75-3-1 UND EES 75·5-2 
SE~NE~SE~ NEY4NE~NW~ 

Sec: 13. Tl44N. R94W Sec 33, Tl45N, R93W 
Century: 8090 Log Century: 8090 Log 
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APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UND EES 75-6-1 
NW%NWY.sW~ 

Sec 16, T145N. R93W 
Century: 8090 Log 

(No Caliper Log) 
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APPENDIX n-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UND EES 75-7-1 
SW%SW%NWt,4 
Sec 04, Tl45N, R93W 
Century: 8090 Log 
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APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UND EES 75-8-1 
NW~NW~SW~ 

Sec 23, T146N. R93W
 
Century: 8010-8020 Log
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APPENDIX ll-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UND EES 75·9·1 
NE\4NEV4SE'Ii 
Sec 27, 1146N, R93W 
Century: 8090 Log 
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APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UND EES 75-10-1 
SE~SE~NE~ 

Sec 33, Tl46N. R93W 
Century: 8030 Log 

\-lOlL --7J-1Q "'-f'I-7J-- ------:---.. - ._- 

ll[51~TJiNU: 
----i.::;c~~-· 
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APPENDIX n-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UND EES 75-11-1 
NW~NE~SE~ 

Sec 09, T145N, R93W
 
Century: 8090 Log
 

.! 

... -
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APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UND EES 75-12-1 
SWY4SE~SW~ 

Sec 06. Tl45N, R93W
 
Century: 8090 Log
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APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UND EES 75-13-1 
NE~NEV4SEY<t. 

Sec 21, Tl45N. R93W 
Century: 8090 Log 
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APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UNO EES 75-14-0
 
SW%SW%NWv..
 
Sec 33, Tl45N, R93W
 
Century: 8090 Log
 

I" M J 
. .. 

.-1, !! 
H

,; 

..  I"'",!1i 

i .
I 1

l-t-il' 
, jr -. -, .. 

I. 
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APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UND EES 75-16-1 
NWY4SWY4NW% 
Sec 08, TI44N, R93W 
Century: 8090 Log 
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APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UNO EES 75-14-4 UNO EES 75-15-1 
SWY.&NWY.&SWY.& SWY4SWJ,4NW* 
Sec 33, T145N. R93W Sec 36. T145N, R93W 
Century: 8090 Log Centw-y: 8090 Log 

"-~~i 

..::....:=::,j 
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APPENDIX II-Continued
 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES
 

UND EES 75-15-1 
SW~SW~NW~ 

Sec 36. Tl45N, R93W 
Century: 8090 Log 

(Continued) 



211 

APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UND EES 75-17-1 
SEY4SE~SElh 

Sec 09, Tl44N, R93W 
Century: 8090 Log 
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APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UND EES 75-18-3 
SE~SE~NE~ 

Sec23,T144N,R94W 
Century: 8090 Log 
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APPENDIX ll-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UND EES 75-19-1 
NE%NE%NE% 
Sec 16, Tl44N, R94W 
Century: 8090 Log 
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APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UND EES 75·20-1 
SW%SE%SW~ 

Sec 21, Tl44N, R94W 
Century: 8090 Log 
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APPENDIX II-Continued
 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES
 

UND EES 75-22-2UNO EES 75-21-1 
NWY.tNW%NE~NE~NEY.tSW~ 
Sec 01. T143N. R94WSec 25. 1144N. R94W 
Century: 8030 LogCentury: 8090 Log 

(No Resistance) 
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APPENDIX II-Continued , 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UNO EES 75·28-1 
SW~SW~SW~ 

Sec 01, Tl44N, R94W 
Century: 8090 Log 

.'
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APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UND EES 75-29-1
 
NE%SE%NEY.!
 
Sec 20, Tl44N. R93W
 
Century: 8090 Log
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APPENDIX II-Continued
 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES
 

UND EES 75-29-1 UND EES 75-30-3 
NE%SEY4SE% SEY4SE%NE% 
Sec 20, Tl44N. R93W Sec 07. Tl44N,R94W 
Century: 8090 Log Century: 8090 Log 

(Continued) 
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APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

NDSWC4599 
(UND EES 75·30)
 
SEY4SE'f.tNE%
 
Sec 07, Tl44N, R94W
 
Century: 8030 Log
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- I 
I 

I 
I 
I 

APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UND EES 75-31-1 
NE~NE~SE~ 

Sec 20, Tl4.5N, R92W 
Century: 8090 Log 

(No Resistance) 

-
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APPENDIX II-Continued 
GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES 

UNO EES 75-33-1 
NEY.sE~SE~ 

Sec 34, Tl45N, R94W 
Century: 8090 Log 
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UND 75-1-3 
143-93-07 CCC 
TO: 379 feet 

Depth (feet) 

o - 29 
29 - 34 
34 - 35 
35 - 36 
36 - 37.5 
37.5- 45 
45 - 48.5 
48.5- 53 
53 - 71.5 
71.5- 77 
77 - 80 
80 - 82 
82 - 91.5 
91.5- 92.5 
92.5-112.5 

112.5-114 
114 -115 
115 -126 
126 -131 
131 -134.5 
134.5-136 
136 -149 
149 -212 
212 -215 
215 -218 
218 -225.5 
225.5-236 
236 -254.5 
254.5-255.5 
255.5-263.5 
263.5-274.5 
274.5-276 
276 -280 
280 -298 
298 -302 
302 -324 

324 -336 
336 -337 
337 -346 
346 -356 
356 -379 

APPENDIXm 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Lithologic Description 

Silt, sandy, light-gray (2.SY 7/2), noncalcareous. 
Clay, light-gray (5Y 7/1), calcareous. 
Lignite. 
Clay. 
Lignite. 
Silt, sandy, light-gray (5Y 7/2), clacareous. 
Sand, very fme, light-gray, calcareous. 
Silt, clayey, white (5Y 8/1), calcareous. 
Silt, light-gray (5Y 7/1), calcareous. 
Limestone. 
Silt, white (5Y 8/1), highly calcareous. 
Lignite. 
Silt, white (5Y 8/1), highly calcareous. 
Lignite. 
Silt, light-gray (5Y 7/1), highly calcareous. 
Lignite. 
Clay, brown. 
Sand, very fine, light-gray (5Y 7/1), calcareous. 
Lignite. 
Clay, gray (SY 5/1), noncalcareous. 
Lignite. 
Silt, sandy, light-gray (SY 7/1), noncalcareous. 
Sand, very fine to fme, gray (5Y 5/1), noncalcareous. 
Clay, gray (N 6/), noncalcareous. 
Lignite. 
Silt, gray. 
Clay, silty, greenish-gray. 
Silt, gray (SY 6/1), slightly calcareous. 
Lignite. 
Sand, very fine, silty, gray (5Y 6/1). 
Silt, clayey, dark-gray (5Y 4/1), slightly calcareous. 
Lignite. 
Silt, dayey, dark-gray (5Y 4/1), slightly calcareous. 
Sand, silty, light-gray (5Y 7/1), slightly calcareous, laminated, well sorted. 
Lignite. 
Interbedded sand, silt, and clay; light-gray (SY 6/1 and SY 7/1); slightly 
calcareous. 
Clay, silty, light-gray (5Y 7/1), slightly calcareous. 
Limestone. 
Silt, clayey, gray (5Y 6/1), very slightly calcareous. 
Lignite. 
Silt, interbedded with clay and sand, gray (SY 6/1), slightly calcareous. 
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UND 75-2-1 
144-94-35 ADD 
TD: 370 

Depth (feet) 

o - 7 
7 - 20 

20 - 36 
36 - 42.5 
42.5- 57 
57 - 65.5 
65.5- 68 
68 - 90.5 
90.5-100.5 

100.5-114 
114 -117.5 
117.5-119 
119 -120.5 
120.5-122.5 
122.5-139 
139 -149 
149 -155 
155 -157.5 
157.5-167.5 
167.5-171 
171 -194.5 
194.5-196.5 
196.5-199.5 
199.5-203 
203 -204.5 
204.5-205.5 
205.5-207 
207 -215 
215 -218 
218 -229 
229 -243.5 
243.5-253 
253 -257 
257 -258 
258 -261 
261 -265.5 
265.5-266.5 
266.5-283 
283 -287 
287 -294 
294 -296 
296 -303.5 
303.5-309 
309 -312 
312 -313.5 

APPENDIX Ill-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Lithologic Description 

Sand, fine, pale-olive (5Y 6/3), noncalcareous.
 
Silt, sandy, clayey, light-gray (2.5Y 7/2), noncalcareous.
 
Sand, very fine to frne, pale-yellow (5Y 7/3), noncalcareous.
 
Silt, dark-gray (5Y 4/1), noncalcareous.
 
Lignite, Dunn Center bed.
 
Clay, silty, gray (SY 5/1) to light-greenish-gray (5GY 7/1), noncalcareous.
 
Lignite.
 
Silt, sandy, light-gray (5Y 7/1), calcareous.
 
Sand, very fine, silty, light-gray (5Y 7/1), calcareous.
 
Silt, light-gray (5Y 7/1), calcareous.
 
Lignite.
 
Clay, silty, light-gray (5Y 7/1), calcareous.
 
Silt.
 
Clay, silty, light-gray (5Y 7/1).
 
Silt, white (5Y 8/1 to 5Y 8/2), calcareous, contains shell fragments.
 
Silt, clayey, gray (SY 6/1), noncalcareous.
 
Clay, silty, gray (10YR 6/1), noncalcareous, organic rich.
 
Lignite.
 
Silt, light-gray to white (5Y 7/1) to (5Y 8/1).
 
Clay.
 
Clay and silt, light-gray (N 7/) to gray (5Y 5/1), noncalcareous.
 
Lignite.
 
Clay, silty, light-gray (5Y 7/1).
 
Lignite. \
 
Clay.
 
Lignite.
 
Clay, light-gray (5Y 7/1), noncalcareous.
 
Silt, light-gray (5Y 7/1), calcareous.
 
Clay.
 
Sand, very fine, gray (5Y 6/1 to 5Y 5/1).
 
Silt and clay, gray (5Y 6/1), calcareous.
 
Sand, very frne, gray (5Y 6/1), calcareous.
 
Silt, white (5GY 8/1), noncalcareous.
 
Lignite.
 
silt, light-gray (5Y 7/1), calcareous.
 
Clay, dark-gray (5Y 4/t), noncalcareous.
 
Lignite.
 
Silt, light-gray (5Y 7/1), calcareous.
 
Clay.
 
Sand.
 
Clay.
 
Silt, gray (SY 5/1), calcareous.
 
Clay, gray (5Y 6/1), noncalcareous.
 
Clay, black (5Y 2.5/1), noncalcareous.
 
Lignite.
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313.5-315 
315 -350 
350 -352 
352 -354 
354 -360 
360 -370 

UNO 75-3-1 
144-94-13 DAD 
TO: 320 feec 

Depth (feet) 

o - 26 
26 - 27 
27 - 44 
44 - 46 
46 - 55 
55 - 63.5 
63.5- 65 
65 - 87 
87 -107 

107 -111 
111 -112.5 
112.5-113.5 
113.5-114.5 
114.5-119 
119 -136.5 
136.5-139.5 
139.5-160 
160 -171 
171 -174 
174 -175 
175 -186 
186 -187 
187 -190 
190 -195 
195 -208 
208 -211 
211 -216 
216 -220.5 
220.5-228.5 
228.5-236 
236 -239.5 
239.5-246 
246 -250.5 
250.5-254.5 
254.5-255.5 
255.5-256.5 
256.5-271 
271 -272 
272 -275 

APPENDIX III-Continued
 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES
 

Clay. 
Sand, fine, light-gray (SY 7/1), calcareous. 
Lignite. 
Clay, gray (5Y 6/1), calcareous. 
Sand, fine, light-gray (5Y 7/1), calcareous. 
Clay and silt, gray (5Y 6/1), calcareous. 

Lithologic Description 

Sand, very fine, silty, light-gray (5Y 7/1). 
Lignite. 
Silt and sand, very fine, light-gray (5Y 7/1), noncalcareous. 
Lignite. 
Silt, sandy, light-gray (SY 7/1), slightly calcareous. 
Lignite, A-bed. 
Clay. 
Silt, light-gray (SY 6/1 to 5Y 7/1), noncalcareous. 
Lignite, Dunn Center bed. 
Clay, light-gray (5Y 7/1), noncalcareous. 
Lignite. 
Clay, gray (5Y 6/1), noncalcareous. 
Lignite. 
Clay, gray (SY 6/1), noncalcareous. 
Silt and clay. 
Lignite. 
Silt and clay. 
Silt, white (5Y 8/1), highly calcareous. 
Clay. 
Lignite. 
Sand, very fine, light-gray (SY 7/1), noncalcareous. 
Lignite. 
Silt, light-gray (5Y 7/1), calcareous. 
Silt, light-gray (5Y 7/1), noncalcareous. 
Silt, light-gray (5Y 7/1), highly calcareous. 
Clay, light-gray, laminated. 
Silt, gray. 
Clay, light-gray. 
Silt, clayey, light-gray. 
Clay, silty, light-gray. 
Lignite. 
Clay, olive-gray. 
Silt, sandy, light-gray. 
Lignite. 
Clay. 
Lignite. 
Silt and clay, light-gray to gray. 
Lignite. 
Silt,light-gray. 
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275 -276.5 
276.5-280 
280 -281 
281 -305 
305 -309 
309 -320 

UND 75-5·2 
145·93·33 BAA 
TD: 321 feet 

Depth (feet) 

o - 16
 
16 - 53
 
53 - 80
 

80 - 92 
92 -111 

111 -118.5 
118.5-120.5 
120.5-123 
123 -128.5 
128.5-144 

144 -157 
157 -171.5 

171.5-194 
194 -206.5 

206.5-207.5 
207.5-208 
208 -216 
216 -226 

226 -231 
231 -271.5 

271.5-272.5 
272.5-275 
275 -276 
276 -289 
289 -290 
290 -307.5 
307.5-308.5 
308.5-321 

APPENDIX III-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Clay, silty, organic rich.
 
Silt.
 
Siltstone.
 
Silt, sandy, clayey, light-gray to ouve-gray.
 
Clay, olive-gray.
 
Silt, clayey, light-greenish-gray.
 

Lithologic Description 

Silt, sandy, pale-olive, noncalcareous. 
Sand, very fine to fine, pale-olive (5Y 6/3), noncalcareous, poorly sorted. 
Silt, sandy, light-olive-gray (5Y 6/2), gray (SY 5/1 and N 6/), greenish
gray (SGY 5/1), noncalcareous. 
Sand, very fine to fine, silty, bluish-gray (SB 6/1), noncalcareous. 
Lignite, woody. 
Silt, greenish-gray (SGY 5/1) and gray (5Y 6/1), noncalcareous. 
Lignite. 
Silt, gray (SY 6/1), noncalcareous. 
Lignite. 
Sand, very fine, silty, and silt, white (5Y 8/1 and 5GY 7/1), 
noncalcareous. 
Silt, white (5GY 8/1), calcareous. 
Sand, very fine, silty, light-greenish-gray (5GY 7/1) and white (N 8/1), 
calcareous. 
Silt, white (SY 8/1), highly calcareous. 
Silt, white (5Y 8/1), noncalcareous and sand, very fine, silty, light-gray 
(SY 7/1), noncalcareous. 
Lignite. 
Silt. 
Lignite. 
Silt, sandy, greenish - gray (SGY 7/1 and SGY 6/1), noncalcareous, 
laminated. 
Lignite. 
Silt, light-gray (SY 7/1) and gray (SY 6/1), laminated, noncalcareous, 
interbedded with very fine sand and clay, gray (5Y 6/1). 
Lignite. 
Silt, light-gray (5Y 6/1), calcareous. 
Lignite. 
Silt and very fine sand, light-gray (5Y 7/1), calcareous, laminated. 
Lignite. 
Silt, light-gray (5Y 7/1), calcareous,laminated. 
Lignite. 
Silt, sandy, light-gray (SY 7/1) and gray (5Y 6/1 andN 6/), calcareous to 
noncalcareous, laminated. 
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UND 75~1 

145-93-16 eBB 
TD: 500 feet 

Depth (feet) 

o . 14 

14 - 16 
16 - 18 
18 - 21 
21 - 33 

33 - 41 
41 - 43 
43 - 49.5 
49.S- 56 
56 - 78 
78 -110 

110 -113 
113 -115.5 
115.5-117 
117 -132.5 
132.5-133.5 
133.5-165.5 
165.5-181 
181 -184 
184 -185 
185 -204.5 
204.5-220 
220 -228 
228 -229.5 
229.5-232.5 
232.5-237 

·237 -250 
250 -251 
251 -271 
271 -275.5 
275.5-287.5 
287.5-299 
299 -306.5 
306.5-307.5 
307.5-320.5 
320.5-329 
329 -349 
349 -350.5 
350.5-380.5 
380.5-381.5 
381.5-410 
410 -422.5 
422.5-426.5 

APPENDIX III-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Lithologic Description 

Sand, medium, silty, pale-brown (10YR 6/3), noncalcareous, iron oxide 
concretions. 
Lignite. 
Clay, white (5Y 8/2), noncalcareous. 
Sand, Hne to medium, strong-brown (7.5YR 5/8), noncalcareous. 
Sand, very frne, silty, pebbly, brownish-yellow (10YR 6/6) to white 
(5Y 8/1), noncalcareous, pebbles of Knife River flint. 
Clay, silty, lignitic, gray (N 6/0), noncalcareous. 
Lignite. 
Sand, Hne, silty, light-gray (5Y 7/1), noncalcareous. 
Lignite. 
Clay, silty, light-gray (5Y 7/1), noncalcareous. 
Silt, clayey, light-gray (SY 7/1), noncalcareous. 
Sandstone. 
day, silty, white (5Y 8/1), noncalcareous. 
Lignite. 
Sand, fine to medium, gray (5Y 6/1), noncalcareous. 
Lignite. 
Sand, fme, gray (5Y 6/1), noncalcareous. 
Lignite. 
Clay, gray (N 5/0), noncalcareous. 
Lignite. 
Sand, frne, silty, light-gray (5Y 7/1), noncalcareous. 
Clay, silty, light-gray (5Y 7/1), noncalcareous. 
Lignite. 
day, gray. 
Sandstone. 
Clay, gray (5Y 5/1), noncalcareous. 
Clay, silty, white (5Y 8/1), highly calcareous. 
Sandstone. 
day, slightly silty, gray (5Y 6/1), noncalcareous. 
Clay, light-gray (5Y 7/1), highly calcareous. 
Clay, silty, light-gray (5Y 7/1), calcareous. 
Lignite. 
Clay, light-gray (5Y 7/1), laminated, noncalcareous. 
Lignite. 
Clay, light-gray (5Y 7/1), laminated, noncalcareous. 
Lignite. 
Silt and clay, interbedded, light-gray (5Y 7f1), calcareous. 
Lignite. 
Clay, gray (SY 6/1), noncalcareous. 
Limestone. 
Clay and silt, interbedded, light-gray (5Y 7/1 to 5Y 6/1), calcareous. 
Sand, frne to very fme, light-gray (5Y 7/1). 
Lignite. 
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426.5-433 
433 -445 
445 -472 
472 -483.5 
483.5-495 
495 -500 

UNO 75-7-1 
145·93~4 BBC 
TO: 494 feet 

Depth (feet) 

o - 7 
7 - 13 

13 - 16.5 
16.5- 17.5 
17.5- 20.5 
20.5- 21 
21 - 30 
30 - 42 
42 - 46 
46 - 47 
47 - 49 
49 50 
50 - 57 
57 - 67 
67 - 73 
73 - 82 
82 -109 

109 -148 
148 -158 
158 -168 
168 -170 
170 -199 
199 -203 
203 -209.5 
209.5-210.5 
210.5-212 
212 -238 
238 -280 
280 -282 
282 -284 
284 -285 
285 -293 
293 -296 
296 -310 
310 -318.5 
318.5-325.5 
325.5-333.5 
333.5-334.5 

APPENDIX III-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Clay, silty, gray (N 6/0), calcareous. 
Sand, very fine, light-gray (5Y 7/1), calcareous. 
Clay, gray (N 5/0), noncalcareous. 
Lignite, black (10YR 2/1). 
Sand, very fine, light-gray (N 7/0), calcareous. 
Silt, gray (N 6/0), calcareous. 

Lithologic Description 

silt, pale-olive (5Y 6/3), calcareous.
 
Sand, medium, mottled brown and yellow.
 
Silt, pale-olive (5Y 6/3), calcareous.
 
Lignite.
 
Silt, pale-olive.
 
Lignite.
 
Silt, mottled pale-olive (5Y 6/3), calcareous.
 
Sand, very fine to fine, pale-olive (5Y 6/3), calcareous.
 
Clay, light-olive-gray (5Y 6/2), noncalcareous.
 
Lignite.
 
Clay, light-olive-gray (5Y 6/2), noncalcareous.
 
Lignite.
 
Clay, light-gray (SY 6/1), calcareous.
 
Sand, very fine, silty, gray (SY 6/1), noncalcareous.
 
Clay, light-gray (SY 6/1).
 
Lignite, peaty.
 
Clay and silt, lightigray (5Y 6/1), noncalcareous.
 
Sand, fine, light-gray (SY 7/1), noncalcareous.
 
Lignite.
 
Silt, sandy, light-gray (SY 7/1), noncalcareous.
 
Lignite, peaty.
 
Sand, fine, light-gray (SY 7/1), noncalcareous.
 
Clay, silty, light-gray (5Y 7/1), noncalcareous.
 
Lignite.
 
Clay.
 
Lignite.
 
Silt, sandy, and silt, clayey, light-gray (5Y 7/1), calcareous.
 
Sand, fine, light-gray (5Y 7/1), calcareous.
 
Silt, gray (5Y 6/1), slightly calcareous, laminated.
 
Lignite.
 
Silt.
 
Lignite.
 
Silt, white (SGY 8/1), noncalcareous, laminated.
 
Sand, fIne, light-gray (5Y 7/1), noncalcareous.
 
Silt, gray (5Y 6/1), noncalcareous.
 
Lignite.
 
Silt, gray (5Y 6/1), calcareous, laminated.
 
Lignite.
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334.5-352.5 
352.5-353.5 
353.5-358 
358 -373 
373 -383 
383 -407 
407 -419.5 
419.5-426 
426 -437 
437 -449 
449 -469 
469 -480 
480 -494 

UNO 75-8-1 
146·93-23 Bee 
TO: 506 feet 

Depth (feet) 

0-5 
5 - 19 

19 - 58 
58 - 61 
61 - 91 
91 -121 

121 -130 
130 -155 
155 -156.5 
156.5-159.5 
159.5-163.5 
163.5-166 
166 -168 
168 -172 
172 -181 
181 -183 
183 -187 
187 -200 
200 -208 
208 -212 
212 -254 
254 -303 

303 -306 
306 -309 
309 -315 
315 -323 
323 -335 
335 -374 
374 -385 
385 -392 

APPENDIX III-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Silt, gray (SY 6/1), calcareous. 
Lignite. 
Silt,.gray (5Y 6/1), calcareous. 
Sand, flne, gray (5Y 6/1), calcareous. 
Silt, gray (SY 6/1) and silt, white (SGY 8/1). 
Sand, fme, light-way (5Y 7/1), calcareous. 
day, light-gray (5Y 7/1), calcareous. 
Lignite. 
Silt, light-gray (5Y 7/1), noncalcareous. 
Sand, fine, light-gray (5Y 7/1), calcareous. 
Silt, clayey, white (5GY 8/1), calcareous. 
Lignite. 
Clay, silty, white (SGY 8/1), calcareous. 

Lithologic Description 

Sand, fme, yellowish-brown (10YR 5/4), calcareous.
 
Silt, light-yellowish-brown (10YR 6/4), calcareous.
 
Sand, very fine, light-gray (10YR 7/2) to white (2.SY 8/0).
 
Claystone, pale-brown (10YR 6/3), noncalcareous.
 
Sand, medium, pale-yellow (2.5Y 7/4), mottled, noncalcareous.
 
Clay, light-gray (5Y 7/1), noncalcareous.
 
Lignite.
 
Silt, sandy, gray (N 6/0), calcareous.
 
Lignite.
 
Clay, gray (N 6/0), noncalcareous.
 
Lignite.
 
Clay, gray (N 6/0), noncalcareous.
 
Lignite.
 
Clay, gray (N 6/0), noncalcareous.
 
Silt, light-gray (N 7/0), noncalcareous.
 
Lignite.
 
Sand, very fine, light-greenish-gray (5G 7/1), noncalcareous.
 
Clay, silty, gray (N 6/0), calcareous.
 
Clay, light-gray (N 7/0), noncalcareous.
 
Lignite.
 
Clay, silty, gray (N 6/0), noncalcareous.
 
Sand, very fme to fme, gray (5GY 6/1 to SY 6/1), noncalcareous.
 
sandstone from 284-287.
 
Lignite.
 
Clay, slightly silty, light-gray (5Y 7/l). noncalcareous.
 
Sand, fine, silty, gray (5Y 6/1), noncalcareous.
 
C~ay: ligh~-gray (5Y 7(1), noncalcareous.
 
LJ.gll1te wtth clay partmgs.
 
Sand, fme, silty, light-gray (N 7/0), noncalcareous.
 
Clay, light-gray (5Y 7/1), noncalcareous.
 
Sand, fme to silt, gray (5Y 6/1), noncalcareous.
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392 -406.5 
406.5-413 
413 -417.5 
417.5-474 
474 -475.5 
475.5-478.5 
478.5-480.5 
480.5-488 
488 -491 
491 -506 

UND 75-9-1 
146-93-27 ADD 
TD: 494feet 

Depth (feet) 

o - 11 
11 - 27 
27 - 36.5 
36.5- 45 
45 - 77 
77 - 87 
87 - 93 
93 - 97.5 
97.5-101 

101 -106.5 

106.5-116 
116 -120.5 
120.5-138 
138 -219 
219 -221 
221 -241.5 
241.5-253.5 
253.5-256 
256 -278 
278 -298 
298 -314 
314 -323 
323 -324 
324 -334 
334 -340.5 
340.5-377 .5 
377 .5-382 
382 -383 
383 -401 
401 -406 
406 -433 
433 -465 

APPENDIX III-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Clay, light-gray (5Y 7/1), noncalcareous. 
Lignite. 
Clay, silty, light-gray (5Y 7/1), calcareous, laminated. 
Silt to very fme sand, light-gray (5Y 7/1), calcareous. 
Lignite. 
Clay, light-gray (5Y 7/1), noncalcareous. 
Lignite. 
Silt, light-gray (5Y 7/1), calcareous. 
Lignite. 
Sand, fme, to silt, light-gray (5Y 7/1), calcareous. 

Lithologic Description 

Sand, fine, pale-yellow (2.5Y 7/4), noncalcareous. 
Clay, gray (5Y 6/1), noncalcareous. 
Lignite. 
Clay, gray (5Y 5/1) to light-gray (5Y 7/1), noncalcareous. 
Sand, medium to fme, light-gray (5Y 7/1), noncalcareous. 
Lignite with 1-foot thick parting. 
Clay, light-gray (5Y 7 /1), noncalcareous. 
Sand, medium to fme, light-gray (5Y 7/1), noncalcareous. 
Lignite. 
Sand, medium to fme, light-gray (5Y 7/1), laminated with white clay, 
noncalcareous. 
Clay, slightly silty, light-gray (5Y 7/1), noncalcareous. 
Lignite. 
Clay, silty to silt, light-gray (5Y 7/1), noncalcareous. 
Sand, fine, light-gray (5Y 7/1), noncalcareous to calcareous. 
Lignite. 
Sand, fine to medium, light-gray (5Y 7/1), calcareous, shell fragments. 
Lignite. 
Clay, dark-gray (5Y 4/1), noncalcareous. 
Sand, fine, silty, light-gray (5Y 7/1), calcareous, with lignite stringers. 
Clay, light-gray (5Y 7/1), calcareous. 
Sand, medium to fine, light-gray (SY 7/1), noncalcareous. 
Clay, light-gray (5Y 7/1), calcareous to noncalcareous, laminated. 
Siltstone, concretion. 
Clay, slightly silty, light-gray (5Y 7/1); calcareous. 
Lignite. 
Clay, silty, light-gray (5Y 7/1), calcareous. 
Sand, medium to fme, light-gray (SY 7/1), calcareous, laminated. 
Lignite. 
Clay, slightly silty, light-gray (5Y 7/1), calcareous. 
Lignite. 
Sand, very nne, light-gray (5Y 7/1), calcareous, cemented from 423-425. 
Clay, silty, light-gray (SY 7/1), calcareous. 
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465 -467 
467 -494 

UND 75-10-1 
146-93-33 DAA 
TD: 514 feet 

Depth (feet) 

o - 5 
5 - 16
 

16 - 18
 
18 - 19
 
19 - 22
 
22 - 31
 
31 - 44
 
44 - 47
 
47 - 55
 
55 - 70
 

70 - 74.5 
74.5- 76 
76 -101 

101 -110 
110 -115 
115 -120 
120 -128.5 
128.5-131 
131 -139 
139 -143 
143 -148 
148 -150 
150 -151 
151 -153.5 
153.5-155 
155 -159 
159 -166 
166 -174 
174 -182 
182 -185 
185 -216.5 
216.5-219 
219 -230 
230 -235.5 
235.5-239 
239 -244 
244 -249 
249 -259 
259 -262 
262 -310 

APPENDIX Ill-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Lignite. 
day, light-greenish-gray (5BG 7/1), noncalcareous, and lignite stringers. 

Lithologic Description 

Gravel, sandy, silty, mottled, yellow and gray, calcareous.
 
Sand, pebbles, silt, yellow, gray, and white, calcareous.
 
Silt, sandy.
 
Lignite.
 
Silt, sandy.
 
Sand, silty, gray (N 6/0), noncalcareous.
 
Sand, very fine, gray (N 6/0), noncalcareous.
 
Clay, light-gray (N 7/0), noncalcareous.
 
Lignite.
 
Clay, very dark-gray (10YR 3/1), noncalcareous to clay, gray (5Y 6/1),
 
noncalcareous.
 
Sand, very fine, crossbedded, gray (N 6/0), noncalcareous.
 
Sandstone, white (N 8/0) to light-gray (N 7/0), calcareous.
 
Sand, fine, light-gray (5 Y 7/1), noncalcareous.
 
Lignite.
 
Clay, silty, gray (N 5/0), noncalcareo1;J-s.
 
Silt, slightly sandy, gray (5Y 6/1), noncalcareous.
 
Silt, gray (5Y 6/1), noncalcareous.
 
Lignite.
 
Clay, silty, gray (N 6/0), noncalcareous.
 
Silt, gray (N 6/0), noncalcareous.
 
Lignite, black (10YR 2/1).
 
Clay, light-gray (SY 7/1), noncalcareous.
 
Lignite.
 
Clay, light-gray (SY 7/1), noncalcareous.
 
Lignite.
 
Clay, light-gray (SY 7/1), noncalcareous.
 
Silt, clayey.
 
Clay, light-gray (5Y 7/1), noncalcareous.
 
Silt, light-gray (5Y 7/1), noncalcareous.
 
Sandstone, fIne, white (5Y 8/1), slightly calcareous.
 
Sand, fme, light-gray (SY 7/1), slightly calcareous.
 
Lignite.
 
Silt, sandy, light-gray (5Y 7/1), noncalcareous.
 
Lignite.
 
Clay, light-gray (5Y 7/1), noncalcareous.
 
Lignite.
 
Silt, gray (N 6/0), noncalcareous.
 
Sand, very fme, light-gray (N 7/0 and 5Y 6/1).
 
Silt, light-gray (5Y 7/1), calcareous.
 
Sand, very fme to fine, light-gray (SY 7/1), calcareous, with lignite
 
stringers and day partings.
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310 -311 
311 -329 
329 -330 
330 -342 

342 -345 
345 -351 
351 -398 

398 -407.5 
407.5-422 
422 -435 
435 -436 
436 -444 
444 -450 
450 -457 
457 -458 
458 -465 
465 -466 
466 -469 
469 -470 
470 -476 
476 -510.5 
510.5-511.5 
511.5-514 

UNO 75-11-1 
145·93·90AA 
TO: 503 feet 

Depth (feet) 

o - 8 
8 - 25 

25 - 26 
26 - 28 
28 - 30 
30 - 52 
52 - 59 
59 - 69 
69 - 95 
95 - 99 
99 -102 

102 -120 
120 -125.5 
125.5-136 
136 -145 
145 -147 
147 -151 
151 -163 
163 -174 

APPENDIX In-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Lignite.
 
Clay, silty, white (5Y 8/1), noncalcareous to calcareous, laminated.
 
Lignite.
 
Sand. very frne, to silt, white (5Y 8/1), noncalcareous to highly
 
calcareous.
 
Clay, slightly silty, light-gray (5Y 8/1), calcareous.
 
Lignite.
 
Silt, clayey, and silt, sandy, light-gray (5Y 7/1, N 7/0, and N 6/0),
 
noncalcareous to calcareous.
 
Lignite.
 
Silt, clayey, light-gray (5Y 6/1 to SY 7/1), noncalcareous to calcareous.
 
Sand, very frne, white (5Y 8/1), calcareous.
 
Lignite.
 
Clay, silty, light-gray (5Y 7/1).
 
Sand, very fine, to silt, light-gray (SY 7/1), calcareous.
 
Clay, silty, light-gray (5Y 7/1), calcareous.
 
Lignite.
 
Clay, dark-gray (5Y 5/1), noncalcareous.
 
Lignite.
 
Clay, silty, light-gray (5Y 7/1), noncalcareous.
 
Lignite.
 
Clay, light-gray (5Y 7/1), calcareous.
 
Sand, very fine, silty, light-gray (5Y 7/1), calcareous.
 
Lignite.
 
Sand, very fine, light-gray (5Y 7/1).
 

\ Lithologic Description 

Silt, white (10YR 8/2), calcareous.
 
Sand, medium, light-yellowish-brown (10YR 6/4), noncalcareous.
 
Lignite.
 
Clay, gray (N 6/0), noncalcareous.
 
Lignite.
 
Silt, gray (5Y 6/1), noncalcareous.
 
Lignite.
 
Clay, gray (N 6/0 to N 4/0), noncalcareous.
 
Silt, clayey, light-gray (5Y 7/1 and N 7/0), noncalcareous.
 
Clay, gray (5Y 6/1), noncalcareous.
 
Sandstone, fine. gray (N 6/0), calcareous.
 
Sand, fine, gray (N 6/0), calcareous.
 
Clay.
 
Lignite.
 
Silt, gray (5Y 6/1), noncalcareous.
 
Lignite.
 
Clay, gray (N 6/1), noncalcareous.
 
Silt, light-gray (N 7/0), noncalcareous.
 
Sand, very fine, silty, light-gray (N 7/0), calcareous.
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174 -186 
186 -194.5 
194.5-197 
197 -223 
223 -245 
245 -250 
250 -258 
258 -264 
264 -265.5 
265.5-266.5 
266.5-269.5 
269.5-290 
290 -299 
299 -300.5 
300.5-313.5 
313.5-316 
316 -318.5 
318.5-319.5 
319.5-338 
338 -348 
348 -349 
349 -351 
351 -353.5 
353.5-368 
368 -371 
371 -376 
376 -393.5 
393.5-396.5 
396.5-407 
407 -412.5 
412.5-416 
416 -423 
423 -431 
431 -448 

448 -455.5 
455.5-478 
478 -479 
479 -489 
489 -499.5 
499.5-500.5 
500.5-501.5 
501.5-503 

UND 75-12-1 
145-93.(i CDC 
TD: 492 feet 

Depth (feet) 

o - 88 

APPENDIX III-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Clay, silty, light-gray (N 7/0), noncalcareous.
 
Lignite with clay partings.
 
Clay, gray (N 5/0), noncalcareous.
 
Silt, white (5Y 8/1), calcareous.
 
Clay, silty, light-gray (5Y 7/1), calcareous.
 
Sand, fine, silty, light-gray (N 7/0), calcareous.
 
Lignite.
 
Silt, gray (5Y 6/1), noncalcareous.
 
Lignite.
 
Silt, gray (5Y 6/1), noncalcareous.
 
Lignite.
 
Clay, silty, light-gray (5Y 7/1), noncalcareous.
 
Clay, light-gray (5Y 7/1), noncalcareous.
 
Limestone.
 
Clay, light-gray (5Y 6/1), calcareous.
 
Limestone, gray (N 6/0).
 
Clay, gray (5Y 6/1), calcareous.
 
Lignite.
 
Clay, silty, light-gray (5Y 7/1), calcareous.
 
Clay, gray (5Y 6/1), calcareous.
 
Lignite.
 
Clay, gray (5Y 6/1), calcareous.
 
Sandstone, fine, light-gray (5Y 7/1), calcareous.
 
Sand, fine, light-gray (5Y 7/1), calcareous.
 
Lignite.
 
Clay, silty, gray (5Y 6/1), calcareous.
 
Sand, very fme (5Y 7/1), calcareous.
 
Lignite.
 
Clay, gray (5Y 6/1), noncalcareous.
 
Silt, sandy, light-gray (5Y 7/1), calcareous.
 
Limestone, gray (N 6/0).
 
Silt, sandy, light-gray (5Y 7/1), calcareous.
 
Clay, gray (5Y 5/1 to 5Y 6/1), noncalcareous.
 
Sand, very fme, silty, light-gray (5Y 7/1 to 5Y 6/1), calcareous to
 
noncalcareous.
 
Lignite.
 
Clay, silty, light-gray (N 6/0, SY 6/1, and 5Y 7/1), calcareous.
 
Lignite.
 
Silt, light-gray (5Y 7/1), calcareous.
 
Clay, light-gray (SY 7/1), calcareous.
 
Lignite.
 
Clay.
 
Lignite.
 

Lithologic Description 

Sand, fine, pale -yellow (5Y 7/3), white (2.SY 8/2), very pale-brown 
(lOYR 8/4), gray (lOYR 6/1), noncalcareous. 
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88 -100 
100 -106 
106 -113 
113 -131 
131 -139 
139 -144 
144 -152 
152 -165 
165 -171 
171 -223 
223 -232 
232 -245.5 
245.5-247.5 
247.5-252 
252 -257 
257 -270 
270 -280 
280 -289 
289 -290 
290 -302 
302 -312 
312 -326 
326 -343 
343 -357 
357 -360 
360 -380.5 
380.5-399 
399 -409 
409 -425 
425 -429.5 
429.5-446 

446 -456 
456 -473 
473 -474.5 
474.5-492 

UND 75-13-1 
145-93-21 DAD 
TD: 500 feet 

Depth (feet) 

o - 63 

63 - 78.5 
78.5- 85 
85 - 93 
93 -114 

114 -116 

APPENDIX III-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Lignite. 
Clay, light-bluish-gray (5B 7/1), noncalcareous. 
Sand, fine, silty, gray (10YR 6/1), noncalcareous. 
Clay, gray (10YR 6/1), noncalcareous. 
Lignite. 
Silt. light-gray (2.5Y 7/0 and N 7/0), noncalcareous. 
Silt, clayey, light-gray (2.5Y 7/0 and N 7/0), noncalcareous. 
Sand, fine, light-gray (2.5Y 7/0), noncalcareous. 
Clay, silty, white (N 8/0), calcareous. 
Sand, medium, light-gray (5Y 7/1), noncalcareous. 
Lignite. 
Clay, light-gray (N 7/0), noncalcareous. 
Lignite. . 
Clay, light-gray (N 7/0), noncalcareous. 
Lignite. 
Sand, very fme to fine, light-gray (5Y 7/1), calcareous. 
Clay, gray (5Y 6/1), noncalcareous. 
Sand, medium, gray (10YR 6/1), silty, noncalcareous. 
Lignite. 
Sand, medium, silty, gray (10YR 6/1), noncalcareous. 
Silt, clayey, light-gray (5Y 7/1 and 5Y 6/1), noncalcareous. 
Silt, sandy, white (5BG 8/1), calcareous. 
Silt, clayey, light-gray (2.5Y 7/1 to 5Y 7/1), calcareous. 
Silt, to very fine sand, light-gray (5Y 7/1), calcareous. 
Lignite. 
Clay, silty, light-gray (5Y 7/1 and 5Y 6/1), calcareous. 
Sand, very fme, light-gray (5Y 7/1), calcareous. 
Lignite. 
Silt,light-gray (N 7/0), calcareous. 
Sand, very fine, silty, light-gray (N 7/0), calcareous. 
Silt to clay, silty, light-gray (N 7/0 and N 6/0), noncalcareous to 
calcareous. 
Sand, very fine, light-gray (N 7/0), calcareous. 
Silt and clay, light-gray (5Y 7/1), calcareous to noncalcareous. 
Lignite. 
Sand, very fIne, and silt. gray (5Y 6/1), noncalcareous. 

Lithologic Description 

Sand, fine to medium, gravelly. pale-yellow (5Y 7/3) to olive (SY 5/3 and
 
5Y 4/3), noncalcareous.
 
Lignite.
 
Silt, clayey, dark-gray (5Y 4/1). noncalcareous.
 
Sand, very fme, gray (SY 5/1), highly calcareous to noncalcareous.
 
Silt, sandy to silt, dayey, gray (5Y 5/1) to very dark-gray (5Y 3/1),
 
noncalcareous.
 
Lignite.
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116 -117.5 
117.5-124 
124 -153 
153 -159 
15.9 -172 
172 -173 
173 -177.5 
177.5-178 
178 -179 
179 -180 
180 -180.5 
180.5-186.5 
186.5-202.5 
202.5-207.5 
207.5-240 
240 -241 
241 -248 
248 -250 
250 -251 
251 -258 
258 -271 
271 -299 
299 -304 
304 -320 
320 -322.5 
322.5-324.5 
324.5-331 
331 -332 
332 -338 
338 -340.5 
340.5-349 
349 -361 
361 -376 
376 -379.5 
379.5-387 
387 -390 
390 -398 
398 -401 
401 -402 
402 -422 
422 -431 
431 -437.5 
437.5-439.5 
439.5-445 
445 -446 
446 -457 

457 -460 
460 -500 

APPENDIX III-Continued. 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Clay.
 
Lignite.
 
Silt, white (N 8/1), highly calcareous.
 
Sand, very frne, white (N 8/1), highly calcareous.
 
Silt, white (N 8/1), highly calcareous.
 
Limestone, light-gray (N 7/1).
 
Sand, very frne, silty, white (N 8/1), highly calcareous.
 
Lignite.
 
Silt.
 
Lignite.
 
Silt.
 
Lignite.
 
Silt, clayey, light-gray (N 7/1), highly calcareous.
 
Lignite.
 
Silt, clayey, light-gray (N 7/1), calcareous, carbonaceous partings.
 
Limestone, light-gray (N 7/1).
 
Silt, clayey, light-gray (5Y 7/1), calcareous.
 
Clay, light-gray (5Y 7/1), noncalcareous.
 
Lignite.
 
Silt, clayey, light-gray (5Y 7/1), calcareous.
 
Clay, silty, light-gray (5Y 7/1), calcareous.
 
Sand, very frne, and silt, light-gray (SY 7/1), calcareous.
 
Clay, light-gray (5Y 7/1), calcareous.
 
Sand, very frne, light-gray (5Y 7/1), calcareous.
 
Clay. light-gray (5Y 7/1), calcareous.
 
Lignite.
 
Clay, light-gray (5Y 7/1), calcareous.
 
Limestone, light-gray.
 
Clay, light-gray (5Y 7/1), calcareous.
 
Limestone, light-gray.
 
Silt, clayey, light-gray (SY 7/1), calcareous.
 
Clay, light-gray (5Y 6/1 and 5Y 7/1), calcareous.
 
Sand, fine, light-gray (N 7/0), noncalcareous.
 
Clay, light-gray (5Y 7/1), calcareous.
 
Lignite.
 
Silt, light-gray (SY 7/1), calcareous.
 
Sand, very frne, light-gray (N7/0 and 5Y 7/1), calcareous.
 
Clay, light-gray (5Y 7/1), calcareous.
 
Lignite.
 
Silt, and cIay, light-gray (5Y 7/1), calcareous.
 
Clay, light-gray (SY 7/1), calcareous.
 
Silt, light-gray (5Y 7/1), calcareous.
 
Lignite.
 
Clay,light-gray (5Y 7/1), calcareous.
 
Lignite.
 
Clay, becoming increasingly silty downward, light - gray (5Y 7/1),
 
calcareous.
 
Limestone, light-gray (N 7/0).
 
Clay, light-gray (SY 7/1 and 5Y 6/1), calcareous with lignite stringers.
 



235 

UND 75·14-0 
145-93-33 Bee 
TD: 514 feet 

Depth (feet) 

o - 44 

44 - 53 
53 - 61 
61 - 99 
99 -108 

108 -126 
126 -136 
136 -138 
138 -149.5 
149.5-155 
155 -201 
201 -216.5 
216.5-221 
221 -227 
227 -236 
236 -243.5 
243.5-250 
250 -252 
252 -325 
325 -353 
353 -354 
354 -361 
361 -362 
362 -378 
378 -380 
380 -397 
397 -399.5 
399.5-454 
454 -462 
462 -470.5 
470.5-472 
472 -514 

UND 75-14-3 
145·93-33 eBe 
TD: 340 feet 

Depth (feet) 

o - 56 

56 - 59 
59 - 61 
61 - 63 
63 - 70 

APPENDIX III-Continued
 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES
 

Lithologic Description 

Sand, medium, light-brown (10YR 8/3) to pale-olive (5Y 6/4), to olive

brown (2.SY 4/4), noncalcareous.
 
Lignite. 
Clay, slightly silty, light-gray (SY 7/1), noncalcareous.
 
Silt, slightly sandy, light-V-ay (5Y 7/1).
 
Silt, clayey, gray (SY 6/1 to 5Y 5/1), noncalcareous.
 
Lignite.
 
Silt, clayey, gray (SY 6/1), noncalcareous.
 
Lignite.
 
Silt, clayey, gray (SY 6/1), noncalcareous.
 
Lignite.
 
Silt and clay, gray (SY 6/1), noncalcareous.
 
Sand, silty, gray (5Y 6/1), calcareous.
 
Clay, light-gray (5Y 6/1 and 10YR 6/1), calcareous.
 
Lignite.
 
Sand, light-gray (2.5Y 7/1), mottled, noncalcareous.
 
Silt, light-gray (SY 7/1), noncalcareous.
 
Lignite with a ~12 foot thick clay parting.
 
Silt, light-gray (SY 7/1), noncalcareous.
 
Sand, very fme to medium, light-gray (N 7/0 and SY 7/1), noncalcareous.
 
Silt, clayey, light-gray (5Y 7/1), noncalcareous.
 
Siltstone.
 
Sil~ gray (5Y 6/1), calcareous.
 
Limestone, light-gray (N 7/0).
 
Silt, gray (5Y 6/1), calcareous.
 
Clay, light-gray (5Y 6/1), calcareous. .
 
Silt, sandy, light-gray (SY 6/1), noncalcareous.
 
Lignite.
 
Silt and clay, light-gray (5Y 6/1), calcareous to noncalcareous.
 
Lignite.
 
Sand, fme, light-gray (5Y 6/1), noncalcareous.
 
Lignite.
 
Clay, silty, light-gray (5Y 6/1), calcareous.
 

Lithologie Description 

Sand, medium, light - brown (10YR 8/3), dark - yellowish - brown 
(10YR 4/4), and pale-olive (SY 6/3). 
Silt, clayey, laminated, dark-brown. 
Lignite. 
Silt, clayey, laminated, dark-brown. 
Lignite. 
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70 - 79 
79 -122 

122 -140 
140 -145 
145 -150.5 
150.5-152 
152 -168 
168 -172 
172 -178 
178 -182 
182 -232 
232 -233 
233 -235 
235 -236 
236 -238 
238 -245 
245 -263 
263 -270 
270 -338 
338 -339 
339 -340 

UND 75·15·1 
145·93-36 BCC 
TD: 820 feet 

Depth (feet) 

o - 7 
7 - 16 

16 - 20 
20 - 25 
25 - 48 
48 - 54 
54 - 81 
81 - 86 
86 -134 

134 -137 
137 -153 
153 -155 
155 -162 
162 -167 
167 -190 
190 -198.5 
198.5-209.5 
209.5-210.5 
210.5-215 
215 -218 
218 -235 
235 -263 
263 -268 

APPENDIX III-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Clay, light-gray (5Y 7/1), noncalcareous.
 
Silt, gray and greenish-gray, laminated, noncalcareous.
 
Lignite.
 
Silt, clayey, light-gray (SY 6/1), noncalcareous.
 
Clay, greenishway (5Y 5/2), noncalcareous.
 
Lignite.
 
Silt, light-gray (5Y 6/1), noncalcareous.
 
Lignite.
 
Clay, light-gray (5Y 6/1), noncalcareous.
 
Silt, light-gray (5Y 6/1), noncalcareous.
 
Sand, very fine, silty, to silt, greenish-gray to gray, calcareous.
 
Lignite.
 
Clay.
 
Lignite.
 
Clay.
 
Lignite.
 
Silt to very fine sand, light-gray and silt, light-greenish-gray, carbonaceous.
 
Lignite.
 
Sand, very fme to fme, light-gray (salt and pepper).
 
Lignite.
 
Sand, as above.
 

Lithologic Description 

Sand, fme, clayey, gray. 
Gravel, yellow. 
Clay, gray to black. 
Silt, sandy, gray. 
Sand, Hne, silty, brownish-gray. 
Silt, gray. 
Sand, very fine to silt, gray. 
Lignite. 
Silt and sandy silt, gray. 
Clay, gray. 
Sand, silty, gray. 
Clay, gray. 
Sand, medium. 
Lignite. 
Silt, gray. 
Lignite. 
Silt, sandy, gray. 
Lignite. 
Clay, gray. 
Silt, gray. 
Silt, clayey, gray. 
Silt, sandy, gray. 
Clay, gray. 
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268 -279 
279 -282 
282 -292 
292 -299 
299 -307 
307 -320 
320 -323 
323 -340.5 
340.5-347.5 
347.5-363 
363 -364 
364 -367.5 
367.5-369 
369 -385.5 
385.5-387 
387 -389 
389 -390 
390 -449 
449 -459 
459 -460.5 
460.5-468 
468 -482 
482 -483 
483 -490 
490 -498 
498 -501 
501 -502 
502 -503.5 
503.5-505 
505 -510 
510 -520.5 
520.5-522 
522 -567 
567 -571.5 
571.5-582 
582 -588 
588 -631 
631 -638 
638 -645 
645 -647 
647 -654 
654 -664 
664 -708 
708 -713 
713 -732 
732 -744 
744 -764 
764 -782.5 
782.5-787 
787 -800 

APPENDIX ill-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Silt, sandy, to silt, clayey, gray.
 
Lignite.
 
Silt, sandy, gray.
 
Clay, brownish-gray.
 
Silt, sandy, gray.
 
Clay, silty, gray.
 
Siltstone, yellow.
 
Silt, sandy, gray.
 
Lignite.
 
Silt, sandy, gray.
 
Lignite.
 
Silt, gray.
 
Limestone, gray.
 
Clay, gray.
 
Lignite.
 
Clay, gray.
 
Lignite.
 
Silt, gray.
 
Sand, fine, gray.
 
Limestone.
 
Clay, greenish-gray.
 
Sand.
 
Limestone.
 
Sand, silty, gray.
 
Silt, gray.
 
Clay, gray.
 
Lignite.
 
Clay, gray.
 
Lignite.
 
Sand, fme, gray.
 
Silt, gray.
 
Lignite.
 
Sil t, clayey, gray.
 
Lignite.
 
Sand.
 
Lignite.
 
Silt, clayey, gray.
 
Clay, gray.
 
Sand, very fine to fme, gray.
 
Clay, gray.
 
Sand, very fme to fine, gray.
 
Sand, very fine, and clay, gray.
 
Sand, fme, gray.
 
Clay, gray.
 
Sand, fme, gray.
 
Clay, gray.
 
Lignite.
 
Silt, gray.
 
Lignite.
 
Silt, clayey, gray.
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800 -803 
803 -807 
807 -810 
810 -820 

UND 75-16-1 
144-93'()8 DCB 
TD: 502 feet 

Depth (feet) 

o - 5 
5 - 9.5 
9.5- 18 

18 - 25 
25 - 47 
47 - 60.5 
60.5- 79.5 
79.5- 90 
90 -110 

110 -115 
115 -142 

142 -159 

159 -212.5 
212.5-217 
217 -222 
222 -224 
224 -240 
240 -243 
243 -251 
251 -351.5 
351.5-354 
354 -407 
407 -415 
415 -423 
423 -424 
424 -440 
440 -460 
460 -463 
463 -468 
468 -469 
469 -502 

UND 75·17·} 
144-93-9 DDD 
TD: 503 feet 

Depth (feet) 

o - 12 

APPENDIX TIl-Continued 
DESCRIPTIVE LOGS OF STRATGRAPHIC TESTHOLES 

Sand, silty, gray. 
Silt, gray. 
Sand, silty, gray. 
Silt, clayey, gray. 

Lithologic Description 

Silt, pale-yellow (2.5Y 7/4), calcareous.
 
Lignite.
 
Clay, brown (7.5YR 4/2), light-gray (5Y 7/1 and N 6/0), noncalcareous.
 
Silt, gray (N 6/0), calcareous.
 
Sand, very fme, silty, calcareous.
 
Clay, silty, light-gray (5Y 6/1 and 5Y 7/1), noncalcareous.
 
Lignite.
 
Clay, gray (N 5/0), noncalcareous and lignite stringers.
 
Silt, light-gray (N 7/0), calcareous.
 
Lignite.
 
Sand, very fme, silty, light-gray (5Y 7/1), calcareous, and clay, white
 
(5Y 8/1), noncalcareous.
 
Clay, light-gray (5Y 7/1), noncalcareous and silt, clayey, white (5Y 8/1),
 
calcareous.
 
Sand, medium, gray (5Y 6/1), calcareous.
 
Lignite.
 
Sand, very fine, light-gray (SY 7/1),·calcareous.
 
Clay, light-gray (5Y 7/1), noncalcareous.
 
Sand, fine, light-gray (N 7/0), calcareous.
 
Clay, gray.
 
Lignite.
 
Clay and silt, light-gray (SY 7/1), calcareous.
 
Lignite.
 
Clay, gray (N 4/0) to light-gray (5Y 7/1), noncalcareou~
 
Lignite, black (10YR 2/1).
 
Silt, sandy, gray (5Y 6/1), calcareous.
 
Lignite.
 
Silt to very fine sand, light-gray (SY 7/1), calcareous.
 
Clay, silty, gray (N 6/0), calcareous.
 
Lignite, black (10YR 2/1), clay parting.
 
Silt, light-gray (N 7/0 and N 6/0).
 
Lignite.
 
Silt, sandy, gray (SY 6/1), calcareous.
 

Lithologic Description 

Sand, fine to medium, pale-olive (5Y 6/3), calcareous. 
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12 - 21 
21 - 27 
27 - 41 
41 - 49 
49 - 54 
54 - 67 
67 - 77 
77 - 78.5 
78.5- 79.5 
79.5- 92.5 
92.5- 93.5 
93.5-105.5 

105.5-107 
107 -125 
125 -132.5 
132.5-163 
163 -185 
185 -206 
206 -227 
227 -231.5 
231.5-233 
233 -233.5 
233.5-234.5 
234.5-256 
256 -260 
260 -270.5 
270.5-272 
272 -274 
274 -275 
275 -305 
305 -312 
312 -331 
331 -336 
336 -346 
346 -354 
354 -362 
362 -383 
383 -384 
384 -406 
406 -440 

440 -441 
441 -460 
460 -463.5 
463.5-467 
467 -503 

APPENDIX III-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Clay, silty, pale-yellow (5Y 7/3), light-gray (N 6/0), noncalcareous.
 
Sand, fine, light-gray (N 7/0), noncalcareous.
 
Clay, gray (N 6/0), noncalcareous.
 
Sand, fine, silty, light-gray (N 7/0 and N 6/0), noncalcareous.
 
Lignite, black (10YR 2/1).
 
Clay, silty, light-gray (N 7/0), noncalcareous.
 
Lignite.
 
Clay, light-gray (5Y 7/1), noncalcareous.
 
Lignite.
 
Clay, light-gray (N 7/0), noncalcareous.
 
Limestone, light-gray (N 7/0).
 
Silt and clay, light-gray (N 7/0 and N 6/0), calcareous.
 
Sandstone, fine grained, light-gray (N 7/0), calcareous.
 
Silt, sandy, light-gray (N 7/0), slightly calcareous to noncalcareous.
 
Lignite.
 
Clay, gray (N 6/0), noncalcareous.
 
Sand, very fine, silty, light-gray (5Y 7/1), noncalcareous to calcareous.
 
Clay, gray (N 6/0), noncalcareous.
 
Lignite.
 
Clay, silty, gray (N 6/0), noncalcareous.
 
Lignite.
 
Clay.
 
Lignite.
 
Clay, gray (N 6/0), noncalcareous.
 
Lignite.
 
Silt and clay, light-gray (N 6/0 to SY 7/1), noncalcareous to calcareous.
 
Lignite.
 
Silt, ligh t-gray (5Y 7/1), calcareous.
 
Lignite.
 
Silt, white (5Y 8/1), calcareous.
 
Clay, silty, greenish-gray.
 
Sand, medium, light-gray (SY 7/1), calcareous.
 
Lignite.
 
Silt, light-gray (5Y 7/1), noncalcareous.
 
Clay, silty, light-gray (5Y 7/1), noncalcareous.
 
Lignite, black (lOYR 2/1).
 
Clay, silty, gray (N 6/0). calcareous.
 
Lignite.
 
Clay, silty, gray (N 6/0), calcareous.
 
Clay, silty to clay, gray (N 6/0) to Iight-greenish-gray (5GY 7/1),
 
noncalcareous.
 
Lignite.
 
Silt, sandy, light-gray (N 7/0 and 5Y 7/1), noncalcareous.
 
Clay, light-gray (N 7/0), calcareous.
 
Lignite.
 
Clay, silty to clay, light-gray (N 7/0), calcareous.
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UND 75-18-1 
144-94-23 ADD 
TD: 462 feet 

Depth (feet) 

o - 18 
18 - 20 
20 - 44 
44 - 49 
49 - 65 
65 - 73 
73 - 86 
86 -113.5 

113.5-114.5 
114.5-121.5 
121. 5-123.5 
123.5-131 
131 -132 
132 -136 
136 -138 
138 -174.5 
174.5-182 
182 -189 
189 -210 
210 -213 
213 -215 
215 -220 
220 -233 
233 -249 
249 -263 
263 -268 
268 -291 

291 -292 
292 -313 
313 -315 
315 -327 
327 -331 
331 -382.5 
382.5-384 
384 -462 

UND 75·19-1 
144-94-16 AAA 
TO: 500 feet 

Depth (feet) 

o - 12 
12 - 14 

APPENDIX III-Continued
 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES
 

Lithologic Description 

Silt, clayey, pale-yellow (2.5Y 8/4), mottled, noncalcareous. 
Lignite. 
Sand, fine, silty, gray (5Y 6/1), noncalcareous. 
Lignite. 
Sand, fme, gray (5Y 6/1), noncalcareous. 
Lignite. 
Sand, nne, gray (5Y 6/1), noncalcareous. 
Silt, clayey, and clay, gray (5Y 6/1), noncalcareous. 
Lignite. 
Silt, gray (5Y 6/1), noncalcareous. 
Lignite. 
Clay, silty, gray (5Y 6/1), noncalcareous. 
Lignite. 
Silt, gray (5Y 6/1). calcareous. 
Lignite. 
Sand, fine to medium, gray (5Y 6/1), calcareous to noncalcareous. 
Lignite. 
Clay, light-greenish-gray (SGY 7/1), noncalcareous. 
Lignite. 
Clay, gray (5Y 6/1), noncalcareous. 
Lignite. 
Clay, gray (5Y 6/1), noncalcareous. 
Silt, clayey, gray (5Y 6/1), noncalcareous. 
Clay, slightly silty, light-gray (10YR 6/1), noncalcareous. 
Silt and day, gray (10YR 6/1 and 5Y 6/1), calcareous to noncalcareous. 
Silt, gray (10YR 6/1), calcareous. 
Clay and silt, gray (SY 6/1 and 10YR 6/1), and light-greenish-gray 
(SGY 7/1), noncalcareous. 
Siltstone. 
Sand, very fine, silty, light-gray (5Y 7/1), calcareous. 
Lignite. 
Sand, very fme, silty, light-gray (5Y 7/1), calcareous. 
Lignite. 
Sand, very fme, silty, light-gray (5Y 7/1), calcareous. 
Sandstone, very fine, light-gray, calcareous. 
Sand, very fine, silty, and silt, light-gray (5Y 7/1), calcareous. 

Lithologic Description 

Silt and fine sand, mottled, yellow, noncalcareous. 
Lignite. 
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14 - 42 
42 - 56 
56 - 72 

72 -100 
100 -114 
114 -138 
138 -174 
174 -177.5 
177.5-188 
188 -190 
190 -249.5 

249.5-251.5 
251.5-265.5 
265.5-269 
269 -276.5 

276.5-277.5 
277 .5-307 
307 -308 
308 -327.5 
327.5-328.5 
328.5-349 
349 -350 
350 -388.5 
388.5-390.5 
390.5-405 

405 -410 
410 -432 
432 -446.5 
446.5-464 
464 -470.5 
470.5-478 
478 -480 
480 -482 
482 -500 

UND 75-20-1 
144-94·21 CDC 
TD: 750 feet 

Depth (feet) 

o - 28 
28 - 60 
60 -109.5 

109.5-112 
112 -165 
165 -168 

APPENDIX TIl-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Clay, white (5Y 8/1) to pale-yellow (5Y 8/4), noncalcareous.
 
Silt, light-gray (10YR 7/1) to dark-brown (10YR 4/3), noncalcareous.
 
Sand, fme to very fine, pale-yellow (2.5Y 7/4) to light-yellowish-brown
 
(2.5Y 6/4), non<:alcareous.
 
Silt, light-gray (5Y 7/1), noncalcareous.
 
Lignite.
 
Silt, light-gray (5Y 7/1), noncalcareous.
 
Sand, fine, light-gray (5Y 7/1), noncalcareous.
 
Lignite.
 
Silt and clay, light-gray (5Y 7/1), noncalcareous.
 
Lignite.
 
Silt and clay, white (5Y 8/1) to light-gray (5Y 7/1), noncalcareous
 
becoming calcareous below 220 feet.
 
Lignite.
 
Silt and sand, very fme, gray (5Y 6/1), noncalcareous.
 
Lignite.
 
Sand, very fine, to silt, light-gray (5Y 7/1 and 5Y 6/1), noncalcareous to
 
calcareous.
 
Lignite.
 
Clay, light-gray (5Y 7/1 and 5Y 6/1), calcareous.
 
Claystone concretion, light-gray (5Y 7/1), highly calcareous.
 
Clay, light-gray (5Y 7/1), calcareous.
 
Lignite.
 
Clay, light-gray (5Y 7/1), noncalcareous to calcareous.
 
Lignite.
 
Clay, gray (5Y 6/1), noncalcareous to calcareous.
 
Lignite.
 
Clay, dark-gray (10YR 4/1), gray (5Y 5/1 and 5Y 6/1), and white
 
(5G 8/1), noncalcareous to calcareous.
 
Sand, very hne, light-gray (5Y 7/1), highly calcareous.
 
Silt, to very fine sand, gray (SY 5/1), white (SY 8/1), noncalcareous.
 
Clay, very dark-gray (10YR 3/1), noncalcareous.
 
Sand, very fine, silty, gray (SY 6/1), calcareous.
 
Clay, gray (5Y 6/1), noncalcareous.
 
Lignite.
 
Clay, gray (5Y 6/1), noncalcareous.
 
Lignite.
 
Clay, gray (5Y 6/1), calcareous.
 

Lithologic Description 

Silt and sand, very poorly sorted, calcareous, pale-olive (SY 6/3).
 
Sand, silty, much detrital lignite, pale-yellow (5Y 7/4), calcareous.
 
Till, gray (SY 6/1), calcareous.
 
Lignite.
 
Silt, gray (SY 6/1), with interbedded clay, gray (5Y 6/1), calcareous.
 
Limestone or siltstone.
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168 -215 

215 -242 

242 -243.5 
243.5-268 

268 -269 
269 -280 
280 -282 
282 -304 
304 -312 
312 -321 
321 -350 
350 -369 
369 -380 

380 -400 
400 -465 

465 -502 

502 -507 
507 -508 
508 -519 
519 -524 
524 -554 

554 -555 
555 -597.5 
597.5-612.5 
612.5-669 
669 -719 
719 -736 
736 -750 

UND 75-21-1 
144-93-25 eAA 
TD: 360 (eet 

Depth (feet) 

o - 18
 
18 - 48
 

48 - 66.5 
66.5- 69.5 
69.5- 95 

95 -106 

APPENDIX ill-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPffiC TESTHOLES 

Silt, light-gray (N 7/0, N 6/0, and 5Y 6/1), and light-greenish-gray
 
(5GY 7/1), noncalcareous to calcareous with interbedded clay, gray
 
(N 6/0), noncalcareous to calcareous, and lignite stringers.
 
Sand, fme to very fine, silty, light- gray (N 7/0 and 5Y 6/1),
 
noncalcareous.
 
Lignite.
 
Silt, gray (N 6/0), noncalcareous, and sand, very fme to fme, light-greenish

gray (5GY 7/1), calcareous.
 
Lignite.
 
Silt, sandy, light-gray (N 7/0), calcareous.
 
Limestone, light-gray.
 
Silt, sandy, and silt, clayey, light-gray (N 7/0), calcareous.
 
Lignite with clay partings.
 
Silt, gray (5Y 6/1), and silt, clayey (N 6/0), calcareous.
 
Sand, very fine, silty, light-gray (N 7/0 and N 6/0), calcareous.
 
Silt, light-greenish-gray (SGY 7/1) to white (5Y 8/1), noncalcareous.
 
Silt, mottled gray to white, noncalcareous, becomes sand, very fme, light
 
gray (N 7/0), calcareous towards bottom of interval.
 
Silt, gray to white, noncalcareous.
 
Sand, very fme, silty, light-greenish-gray (5GY 7/1), light-gray (N 7/0),
 
noncalcareous to calcareous.
 
Alternating beds of silt, light- gray (5Y 7/1 and 5Y 6/1), highly
 
calcareous, and sand, very fme, light-gray (N 7/0), calcareous.
 
Silt, clayey, light-greenish-gray (SGY 7/1), noncalcareous.
 
Lignite.
 
Silt, mottled-gray to white, noncalcareous to calcareous.
 
Sand, fine, silty, gray (N 6/0), calcareous.
 
Silt, mottled-light -greenish - gray, gray, and white, noncalcareous to
 
calcareous, lignite stringers.
 
Sandstone or siltstone concretion.
 
Sand, very fine, silty, gray (SY 6/1), calcareous.
 
Lignite.
 
Sand, very fme, silty, light-gray (5Y 7/1), highly calcareous.
 
Silt, mottled, light-gray, gray, and white, highly calcareous.
 
Lignite, peaty, silty.
 
Clay, silty, light gray.
 

Lithologic Description 

Clay, silty, pale-yellow (5Y 8/3), gray (SY 6/1), noncalcareous.
 
Silt, pale-olive (SY 6/3), greenish-gray (SG 5/1), and light-gray (5Y 7/1),
 
noncalcareous to slightl)' ~alcareous.
 
Sand, very fme to fme, light-gray (5Y 7/1), calcareous to noncalcareous.
 
Lignite.
 
Silt, white (5GY 8/1), light- gray (5Y 7/1), noncalcareous to slightly
 
calcareous.
 
Sand, very fine, silty, light-gray (SY 7/1), calcareous.
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106 -112 
112 -130 
130 -140 
140 -161 
161 -162 
162 -166.5 
166.5-185 
185 -188 
188 -200 
200 -203.5 
203.5-234.5 

234.5-238.5 
238.5-269 
269 -271 
271 -276 
276 -281 
281 -287.5 
287.5-289 
289 -324 
324 -332 
332 -334 
334 -335 
335 -341 
341 -343 
343 -360 

UNO 75-28-1 
144·94-01 CCC 
TO: 660feet 

Depth (feet) 

o - 27 

27 - 49 

49 - 51.5 
51.5- 60 

60 - 63 
63 -113 

113 -118 
118 -119.5 
119.5-132 
132 -134.5 
134.5-160.5 
160.5-164.5 
164.5-166.5 
166.5-167.5 

APPENDIX In-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

silt, white (5Y 8/1), calcareous.
 
Silt, light-gray (5Y 7/1), highly calcareous.
 
Clay, silty, light-gray (5Y 7/1), noncalcareous.
 
Lignite.
 
Silt, black (5Y 2.5/1).
 
Lignite.
 
Silt, light-gray (SY 7/1), calcareous.
 
Sand.
 
Silt, white (SY 8/1), highly calcareous.
 
Lignite.
 
Clay, silt, and very fme sand, white (SY 8/1 and 5GY 8/1), highly
 
calcareous.
 
Lignite with day parting.
 
Silt, light-gray (5Y 7/1), calcareous.
 
Lignite.
 
Clay, white (5Y 8/1), highly calcareous.
 
Lignite.
 
Silt, greenish-gray (SGY 6/1), noncalcareous.
 
Lignite.
 
Silt and clay, gray (5Y 6/1), calcareous.
 
Sand, very fine, silty, light-gray (SY 7/1 and N 7/0), calcareous.
 
Clay.
 
Lignite.
 
Silt, dark-gray (SY 4/1), noncalcareous.
 
Clay, gray (5Y 6/1), noncalcareous.
 
Silt and very fme sand, light-gray (5Y 7/1), calcareous.
 

Lithologic Description 

Silt, sandy, light-yellowish- brown (2.5Y 6/4), slightly calcareous to
 
noncalcareous.
 
Sand, fme to very fine, silty, light-brownish-gray (2.5Y 6/2), pale-yellow
 
(5Y 7/3), and light-gray (SY 7/1), noncalcareous.
 
Lignite.
 
Sand, fme to very fine, silty, light- gray (SY 7/1 and 5Y 7/2), white
 
(5Y 8/1), calcareous to noncalcareous.
 
Limestone, light-gray (N 7/0).
 
Sand, very fine to fine, gray (5Y 6/1), noncalcareous to calcareous.
 
Clay, silty, white (5Y 8/2), noncalcareous.
 
Limestone, light-gray (N 7/0).
 
Silt, clayey, white (5Y 8/1), noncalcareous.
 
Lignite, black (lOYR 2/1).
 
Silt and silt, sandy, light-gray (5Y 7/1), noncalcareous to calcareous.
 
Lignite.
 
Silt, gray (5Y 6/1), noncalcareous.
 
Lignite.
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167.5-188.5 

188.5-189.5 
189.5-210.5 
210.5-211.5 
211.5-215.5 
215.5-216.5 
216.5-231 
231 -232 
232 -254 
254 -255 
255 -274 

274 -276 
276 -282 
282 -283.5 
283.5-295.5 
295.5-297 
297 -298.5 
298.5-299.5 
299.5-327 
327 -328 
328 -353 
353 -359 
359 -365 
365 -366 
366 -374 
374 -385 
385 -387.5 
387.5-398 
398 -418 

418 -419 
419 -421 
421 -422 
422 -510 

510 -536 
536 -538.5 
538.5-549.5 
549.5-550.5 
550.5-553 
553 -558 
558 -589 
589 -607 
607 -619 
619 -621.5 
621.5-623 
623 -632 
632 -633 
633 -635.5 

APPENDIX III-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Silt, silt, sandy, and very fine, silty sand, light- gray (N 7/0, -5Y' 7/1, 
SY 6/1), calcareous. 
Lignite. 
Silt and clay, light-gray (N 7/0), calcareous to noncalcareous. 
Limestone, light-gray (N 7/0). 
Clay, light-gray (N 7/0), calcareous. 
Lignite. 
Clay, light-gray (N 7/0), white (5Y 8/1), slightly calcareous. 
Lignite. 
Clay and silt, light-gray (SY 7/1 and SY 6/1), noncalcareous to calcareous. 
Lignite. 
Silt, clayey to sandy, dark-gray (SY 4/1) to light-gray (SY 7/1), calcareous 
to noncalcareous. 
Lignite. 
Silt, gray (5Y 5/1). 
Limestone, light-gray (N 7/0). 
Silt, light-gray (SY 7/1), noncalcareous to calcareous. 
Siltstone, pale-yellow (2.SY 7/4), noncalcareous. 
Silt, light-gray (SY 7/1), calcareous. 
Siltstone, pale-yellow (2.5Y 7/4), noncalcareous. 
Silt, light-gray (SY 7/1), noncalcareous. 
Limestone, light-gray (N 7/0). 
Silt, gray (5Y 6/1 to SY 5/1), noncalcareous. 
Lignite. 
Silt, very dark-gray (5Y 4/1), noncalcareous. 
Lignite. 
Clay and silt, light-gray (5Y 7/1), noncalcareous. 
Sand, very fine to fine, light-gray (5Y 7/1), noncalcareous. 
Sandstone, fme grained, light-gray (5Y 7/1), slightly calcareous. 
Sand, hne, light-gray (5Y 7/1), noncalcareous. 
Clay, silty, white (5GY 8/1), silt, sandy, light-gray (SY 7/1), calcareous, 
silt, light-gray (5Y 7/1), calcareous. 
Lignite. 
Clay, brown (10YR 5/3), noncalcareous. 
Lignite. 
Clay and silt, light-gray (5Y 7/1 and 5Y 6/1), white (5GY 8/1), calcareous, 
some lignite stringers. 
Sand, fine to very fme, light-gray (N 7/0), noncalcareous. 
Lignite. 
Silt and clay, light-gray (5Y 7/1), calcareous. 
Lignite. 
Silt, clayey, light-gray (5Y 7/1), calcareous. 
Sand, very fine to fine, light-gray (N 7/0), noncalcareous. 
Silt and clay, light-gray (N 7/0), calcareous. 
Sand, very nne, salt and pepper colored, calcareous. 
Silt and clay, light-gray (N 7/0), calcareous. 
Lignite. 
Clay. 
Lignite. 
Clay. 
Lignite. 
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635.5-660 

UND 75-22-2 
143·94-01 ABB 
TD: 160 feet 

Depth (feet) 

o - 8 
8 - 15 

15 - 23 
23 - 60 

60 - 75 

75 - 94 
94 -101 

101 -104 
104 -130 
130 -133 
133 -148 
148 -151.5 
151.5-160 

UND 75-29-1 
144-93-20 ADA 
TD: 916 feet 

Depth (feet) 

o - 10 
10 - 12 
12 - 55.5 
55.5- 56.5 
56.5- 70 
70 - 72 
72 - 76 
76 - 84 
84 - 89 
89 -122.5 

122.5-143 
143 -146 
146 -148.5 
148.5-176 
176 -179 
179 -213 
213 -214 
214 -219 
219 -220.5 
220.5-233 
233 -238 

APPENDIX ill-Continued
 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES
 

Sand, very fine, gray, salt and pepper colored, calcareous. 

Lithologic Description 

Sand, fine to medium, light-olive-gray (5Y 6/2), noncalcareous.
 
Silt, light-brownish-gray (10YR 6/2), noncalcareous.
 
Silt, light-gray (5Y 7/2), noncalcareous, laminated.
 
Sand, fme to very fme, light - olive - gray (SY 6/2), noncalcareous,
 
laminated; iron oxide stained.
 
Silt, sandy, light-olive-gray (5Y 6/2), noncalcareous, no sample return
 
below 65 feet.
 
Lignite.
 
Silt.
 
Lignite.
 
Silt.
 
Siltstone or sandstone.
 
Silt and clay.
 
Lignite.
 
Silt.
 

Lithologic Description 

Silt, sandy, pale-olive (5Y 6/3), noncalcareous to calcareous. 
Lignite, very dark-gray ish-brown (10YR 3/2). 
Silt, sandy, and clay, silty, light-gray (N 7/0), noncalcareous. 
Lignite. 
Clay, light-gray (N 7/0), noncalcareous. 
Sandstone, fine, light-gray (N 7/0), calcareous. 
Silt, light-gray (N 7/0), noncalcareous. 
Lignite. 
Clay, gray (N 6/0), noncalcareous. 
Clay, light-gray (5Y 7/1), noncalcareous. 
Lignite. 
Clay, light-gray (5Y 7 /1), noncalcar~ous. 
Lignite. 
Clay and silt, gray (SY 5/1) to white (5Y 8/1), noncalcareous to calcareous. 
Lignite. 
Silt, light-gray (5Y 7/1), noncalcareous. 
Lignite. 
Silt, clayey, light-gray (5Y 7/1), calcareous. 
Lignite-poor samples below 220 feet. 
Clay, gray. 
Sand, gray. 
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238 -243 
243 -258 
258 -264 
264 -267 
267 -287 
287 -294 
294 -411 

411 -427 
427 -445 
445 -448 
448 -469 
469 -476.5 
476.5-482.5 
482.5-484 
484 -512 
512 -515 
515 -516 
516 -517 
517 -529 
529 -540 
540 -546 
546 -555 
555 -557 
557 -573 
573 -577.5 
577.5-579 
579 -580 
580 -581 
581 -584 
584 -589 
589 -598 
598 -604 
604 -605 
605 -610 
610 -617 
617 -631 
631 -633 
633 -660 
660 -661 
661 -690 
690 -706 
706 -718 
718 -724 
724 -729 
729 -743 
743 -793 
793 -795 
795 -798 
798 -816 
816 -825 

APPENDIX III-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Clay, silty, light-gray (SY 7/1).
 
Sand.
 
Silt.
 
Lignite.
 
Clay, silty, light-gray (5Y 7/1), calcareous.
 
Lignite.
 
Silt and clay, gray (5Y 5/1) to light-gray (5Y 7/1) and light-greenish-gray
 
(5GY 7/1).
 
Sand, very fme, light-gray (5Y 7/1), slightly calcareous.
 
Silt, dark-gray (SY 4/1) to light-gray (5Y 7/1).
 
Lignite.
 
Silt and clay, light-gray (5Y 7/1), calcareous.
 
Lignite.
 
Silt.
 
Lignite.
 
Clay.
 
Lignite.
 
Clay.
 
Lignite.
 
Silt, light-gray (5Y 7/1).
 
Sand, very fme, light-gray (5Y 7/1), calcareous.
 
Silt.
 
Sand.
 
Silt.
 
Sil t and very fme sand, in terbedded.
 
Clay, silty.
 
Sand, fme, white.
 
Lignite.
 
Clay.
 
Sand, very fine, light-gray.
 
Clay, light-gray.
 
Sand, very fme, light-gray.
 
Silt, light-gray.
 
Lignite.
 
Clay, light-gray.
 
Sand, very fine,light-gray.
 
Silt and clay, light-gray.
 
Lignite.
 
Silt,light-gray.
 
Siltstone, pale-olive.
 
Sand, very fme to silt, light-gray.
 
Lignite.
 
Silt, light-gray.
 
Sand, very fme, light-gray.
 
Clay,light-gray.
 
Sand, very fme, light-gray.
 
Clay, silt, and very fme sand, light-gray.
 
Lignite.
 
Silt, light-gray.
 
Sand, very fine, light-gray.
 
Clay, light-gray.
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825 -849 
849 -861 
861 -864.5 
864.5-866 
866 -874 
874 -884 
884 -886.5 
886.5-910 
910 -916 

UND 75-30·3 
144-94"()7 DAA 
TD: 1200 feet 

Depth (feet) 

o - 17 
17 - 25 
25 - 27.5 
27.5- 30.5 
30.5- 32 
32 - 35 
35 - 52 
52 - 68 
68 - 102 

102 - 130 
130 - 134 
134 - 146 

146 - 148 
148 - 150 
150 - 158 
158 - 159 
159 - 162 
162 - 164 
164 - 166 
166 - 168 
168 - 189 
189 - 204.5 
204.5- 215.5 
215.5- 218.5 
218.5- 233 
233 - 236 
236 - 242 
242 - 245 
245 - 253 
253 - 268 
268 - 278 
278 - 279 

APPENDIX In-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Sand, very fine, silty, light-gray. 
Lignite. 
Clay, light-gray. 
Lignite. 
Sand, very fme, light-gray. 
Clay, silty, light-gray. 
Lignite. 
Clay and silt, light-gray. 
Sand, very fine, light-gray. 

Lithologic Description 

Silt, sandy, olive (5Y 5/3), calcareous.
 
Sand, very fine, silty, pale-olive (5Y 6/3), calcareous.
 
Silt, very dark-brown (5Y 3/1), noncalcareous.
 
Lignite.
 
Clay.
 
Lignite.
 
Silt, light-gray (5Y 7/1), calcareous.
 
Lignite.
 
Silt, sandy, greenish-gray (5GY 6/1), light-gray (10YR 7/2) to dark-gray
 
(5Y 4/1), noncalcareous.
 
Sand, fine to very fine, gray (SY 5/1), noncalcareous.
 
Lignite.
 
Silt, white (5Y 8/1), calcareous, and silt, sandy, gray (5Y 5/1),
 
noncalcareous.
 
Clay.
 
Sand, very fine, greenish-gray (5GY 6/1).
 
Silt, white (5Y 8/1), calcareous.
 
Lignite.
 
Silt, white (5Y 8/1), highly calcareous.
 
Peat, silty, dark-gray (5Y 4/1).
 
Silt, white (5Y 8/1), highly calcareous.
 
Peat, silty, black (5Y 2.5/1).
 
Silt, sandy, light-gray (5Y 7/1), calcareous.
 
Lignite.
 
Silt, sandy, greenish-gray (5GY 6/1) to light-gray (5Y 7/1), noncalcareous.
 
Lignite.
 
Silt, gray (5Y 5/1).
 
Lignite.
 
Silt, gray (5Y 6/1), noncalcareous.
 
Sand, very fine, gray (5Y 6/1), calcareous.
 
Silt, gray (5Y 6/1), noncalcareous.
 
Sand, rme to very fine, light-gray (SY 7/1), calcareous.
 
Silt, light-gray (5Y 7/1), calcareous.
 
Lignite.
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279 -317 

317 -318.5 
318.5-353 
353 -356 
356 -359 
359 -366 
366 -367 
367 -403 

403 -409 

409 -421 
421 -510 
510 -592 

592 -628 
628 -661 
661 -696 

696 -712 
712 -765 
765 -782 
782 -803 
803 -815 

815 -833 
833 -912 
912 -957 
957 -1004 
1004 -1041 
1041 -1142 

1142 -1169 
1169 -1200 

UND 75-31-1 

145-92-28 DAA 
TD: 420 feet 

Depth (feet) 

o - 16 

APPENDIX III-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Silt, light-gray (5Y 7/1 and N 7/0) and light-greenish-gray (5GY 7/1),
 
calcareous to noncalcareous.
 
Lignite.
 
Silt,light-gray (SY 7/1), calcareous.
 
Clay, light-greenish-gray (SGY 7/1), noncalcareous.
 
Silt, dark-gray (SY 4/1).
 
Sand, very fine, silty, greenish-gray (SGY 5/1), noncalcareous.
 
Sandstone.
 
Sand, very fme, light-greenish-gray (SGY 7/1), and gray (N 7/0),
 
noncalcareous, becomes silty downward.
 
Lignite.
 

The lithologic descriptions from 409 to 1200 feet are from North Dakota
 
State Water Commission testhole 4599.
 
Siltstone, sandy, carbonaceous, brownish-gray.
 
Shale, silty, dark-'6ray to greenish-gray; becomes very sandy with depth.
 
Siltstone, carbonaceous, light-olive-gray; sandstone and carbonaceous
 
shale interbeds.
 
Shale, silty, sandy, carbonaceous, medium- to dark-gray.
 
Siltstone, sandy, clayey, carbonaceous, ligh t-olive-gray to brownish-gray.
 
Sandstone, very fine grained, greenish-gray; becomes very carbonaceous
 
with depth.
 
Lignite, hard, black.
 
Siltstone, shaly, sandy, variegated gray, green, and brown.
 
Sandstone, fme-grained, carbonaceous, dark-greenish-gray.
 
Siltstone, clayey, sandy, medium-gray.
 
Sandstone, very fine grained, carbonaceous, dark-greenish-gray; shale
 
interbeds.
 
Lignite, hard, black.
 
Shale, silty, medium-gray; thin sandstone interbeds.
 
Siltstone, sandy, carbonaceous, brownish-gray; thin sandstone interbeds.
 
Sandstone, fine to medium-grained, grayish-green to dark-green.
 
Sandstone, very fine grained, dark-greenish-gray; few indurated beds.
 
Siltstone, clayey, sandy, variegated gray and green; thin sandstone
 
interbeds.
 
Siltstone, clayey, medium-gray to greenish-gray.
 
Sandstone, very fine to fine-grained, carbonaceous, greenish-gray.
 

Lithologic Description 

Silt, olive (SY 5/4), gray (5Y 6/1), black (10YR 2/1), light-greenish-gray 
(SGY 7/1) and dark-gray (SY 4/1), noncalcareous, limonite concretions 
in the first 5 feet. 
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16 - 21.5 
21.5- 22.5 
22.5- 28 
28 - 31 
31 - 51 

51 -112 

112 -132 
132 -143 
143 -151 
lSI -155 
ISS -157.5 
157.5-159 
159 -164 
164 -198 

198 -199 
199 -201 
201 -202 
202 -222 

222 -224 
224 -243 

243 -246.5 
246.5-250 
2S0 -255 
255 -273 
273 -316 

316 -319 
319 -325 
325 -359 
359 -359.5 
359.5-367.5 
367.5-369 
369 -370.5 
370.5-372 
372 -386 
386 -394 
394 -395.5 
395.5-420 

APPENDIX TIl-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Lignite. 
Silt, black (1 OYR 2/1), noncalcareous. 
Lignite. 
Silt, clayey, gray (N 6/0), noncalcareous. 
Silt and silt, clayey, light-gray (5Y 7/1) and light-greenish-gray (5GY 7/1), 
noncalcareous, lignitized organic matter and pyrite nodules. 
Silt with sandy and clayey interbeds, light-gray (SY 7/1) to greenish-gray 
(5GY 5/1), calcareous. 
Sand, very frne to fine, light-gray (5Y 7/1), calcareous. 
Silt. light-gray (5Y 7/1), noncalcareous. 
Sand. very fine, silty, light-gray (5Y 7/1), noncalcareous, laminated. 
Clay, light-gray (N 7/0), noncalcareous. 
Lignite. 
Clay. 
Lignite. 
Silt, light-gray (N 7/0), noncalcareous to calcareous, and sand, very frne, 
(N 7/0), calcareous. 
Limestone, light-gray (N 7/0). 
Silt. 
Lignite. 
Silt, light-gray (N 7/0 and N 6/0), noncalcareous, and sand, very fine, 
silty, light-gray (N 7/0 and N 6/0), noncalcareous. 
Lignite. 
Silt to very fine sand, light-gray (N 7/0 and N 6/0), noncalcareous to 

calcareous. 
Lignite. 
Clay, silty, dark-greenish-gray (5GY 4/1), noncalcareous. 
Silt, sandy, light-gray (N 7/0), calcareous. 
Sand, very fine, silty, light-gray (N 7/0), highly calcareous. 
Silt and very fine sand interbedded. dark-gray (SY 4/1) to light-gray 
(N 7/0), noncalcareous to calcareous. 
Lignite. 
Silt, light-gray (N 7/0), noncalcareous to calcareous. 
Sand, very fine, silty, light-gray (N 7/0), calcareous. 
Lignite. 
Silt, light-gray (N 7/0), noncalcareous. 
Lignite. 
Silt. 
Lignite. 
Silt, light-gray (5Y 7/1), calcareous. 
Sand, very frne, silty, light-gray (5Y 7/1), calcareous. 
Lignite. 
Silt, light-gray (5 Y 7/1), calcareous. 
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UND 75-33·1 
145-94-34 DDA 
TD: 800 feet 

Depth (feet) 

o - 5 
5 - 15 

15 - 21 
21 - 40 
40 - 42 
42 - 54 
54 - 70 
70 - 75 
75 - 76 
76 . 84 
84 -106 

106 -111 
111 -131 
131 -132 
132 -135 
135 -158 
158 -165.5 
165.5-172 
172 -176 
176 -178 
178 -180 
180 -202 
202 -206 
206 -221 
221 -223 
223 -235.5 

235.5-245 
245 -246 
246 -291 

291 -299 
299 -304 
304 -306 
306 -309 
309 -315 
315 -316 
316 -319.5 
319.5-369 

APPENDIX ID-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Lithologic Description 

Silt, sandy, light-yellowish-brown (2.5Y 6/4), calcareous.
 
Sand, very fine, light-yellowish-brown (2.5Y 6/4), calcareous
 
and noncalcareous. 
Lignite with clay partings. 
Silt, light-gray (5Y 7/1), noncalcareous.
 
Siltstone or limestone.
 
Silt, light-gray (5Y 7/1), noncalcareous.
 
Lignite.
 
Clay, silty, gray.
 
Lignite.
 
Clay, silty, greenish-gray.
 
Sand, very fine, silty, light-gray.
 
Lignite.
 
Clay, silty, gray.
 
Lignite.
 
Silt, brown.
 
Silt, ligh t-gray.
 
Lignite.
 
Silt, greenish-gray.
 
Clay, greenish-gray.
 
Silt, light-gray.
 
Limestone, light-gray (N 7/0).
 
Silt, light-gray (5Y 7/1), calcareous.
 
Lignite.
 
Silt, sandy, light-gray (SY 7/1), calcareous.
 
Clay, light-gray (5Y 7/1), noncalcareous.
 
Sand, very fUle, silty, light-gray, calcareous,
 
232.5.
 
Silt, light-gray (5Y 7/1), calcareous.
 
Lignite.
 

cemented from 230.5 to 

Silt, light-gray (5Y 7/1), calcareous, with interbedded sand, very fine, 
silty, light-gray (SY 7/1), calcareous. 
Clay, dark-gray , laminated. 
Silt, Ugh t-gray. 
Clay, gray. 
Lignite. 
Silt, brown, gray, and light-gray. 
Limestone, light-gray (N 7/0). 
Clay, silty, gray. 
Silt, sandy, light-gray (SY 7/1), calcareous with interbedded sand, very 
fme, light-gray (5Y 7/1), calcareous. 
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369 -376 
376 -379 
379 -385 
385 -433 
433 -435.5 
435.5-440 
440 -441 
441 -449 
449 -450 
450 -454 
454 -456 
456 -470 
470 -472 
472 -486 
486 -490 
490 -493 
493 -500 
500 -528.5 
528.5-531 
531 -562 
562 -564.5 
564.5-566.5 
566.5-567.5 
567.5-589.5 
589.5-591.5 
591.5-618 
618 -622 
622 .624 
624 -626 
626 -633 
633 -636 
636 -637 
637 -661 
661 -668 
668 -670 
670 -682 
682 -684 
684 -700 
700 -703 
703 -721 
721 -730 
730 -733 
733 -752 

752 -767 
767 -800 

APPENDIX llI-Continued 
DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES 

Lignite. 
Silt, light-gray (5Y 7/1), calcareous. 
Sand. very fine. light-gray (5Y 7/1), noncalcareous. 
Silt, light-gray (5Y 7/1), noncalcareous. 
Sand, very fine, light-gray. 
Silt, light-gray (5Y 7/1), noncalcareous. 
Siltstone. 
Silt, light-greenish-gray and gray. 
Lignite. 
Silt, gray (5Y 6/1), noncalcareous. 
Siltstone, calcareous. 
Silt, clayey, brown, light-greenish-gray and gray. 
Limestone, light-gray. 
Silt, clayey, brown, green, and gray. 
Sand, very fine. silty, gray. 
Silt. gray. 
Sand. very fine. silty, gray. 
Silt. sandy. gray and green. 
Clay, green. 
Silt, gray and dark-brown. 
Limestone, light-gray. 
Clay. 
Lignite. 
Silt, clayey, gray. 
Lignite. 
Silt, light-gray (5Y 7/1), calcareous, with sandy and clayey interbeds. 
Clay, silty, light-gray (N 7/0), calcareous. 
Sand, very fine. gray. \

ilS t, gray. 
Sand, very fine, light-gray (5Y 7/1), calcareous. 
Clay. silty, gray (N 6/0). noncalcareous. 
Lignite. 
Silt, white (5Y 8/1), and light-gray (5Y 7/1), highly calcareous. 
Sand, very fme, silty, light-gray, highly calcareous. 
Clay. silty, light-gray (5Y 7/1), calcareous. 
Lignite. 
Clay, light-gray (N 7/0), highly calcareous. 
Silt. light-gray (5Y 7/1), highly calcareous. 
Clay. 
Silt, light-gray (5Y 7/1), highly calcareous. 
Sand. very fine, silty, light-gray (5Y 1/1), highly calcareous. 
Clay. 
Silt, clayey, light-gray (SY 7/1), highly calcareous, contains shell 
fragments. 
Lignite. 
Silt, light-gray (5Y 7/1), highly calcareous. 
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UND 75-1·2C 
143-93-07 CCC 
Cored Interva118-24 

18.0-18.9 
18.9-19.9 

19.9-20.4 

20.4-21.3 

21.3-22.3 

22.3-22.6 
22.6-23.1 
23.1-23.25 
23.25-23.4 
23.4-23.6 

Cored Interval 45-50 

45.0-45.8 

45.8-46.6 

46.6-47.1 

47.1-47.35 

47.35-49.15 

49.15-50.0 

Cored Interval 88-93 

88.0-88.15 
88.15-88.3 
88.3-88.4 
88.4-91.5 

91.5-92.2 
92.2-92.4 
92.4-92.7 

92.7-93 

APPENDIX IV
 
DESCRIPTIONS OF CORE SAMPLES
 

Total recovery 5.6'
 

Silt, sl.4!:htly clayey, dark-gray (SY 4/1), calcareous.
 
Silt, clayey, olive-brown (2.5Y 4/4), calcareous, laminated,
 
mottled.
 
Silt, clayey, mottled, olive (5Y 4/4) to dark.yellowish-brown
 
(10YR 3/4) and dark - gray (SY 5/1), calcareous, contorted
 
bedding.
 
Silt, clayey, gray (SY 5/1), calcareous, nonlaminated, balls of silt
 

7 mm, upper and lower contacts are contorted. 
Silt, olive-brown (2.5Y 4/4), calcareous, laminated, balls of silt 
slightly darker in color and less than 7 mm diameter. 
Silt, as above-color change to gray (SY 5/1). 
Silt, as above-olive-brown (2.5Y 4/4). 
Clay, olive (5Y 4/3), calcareous, laminated, organic matter. 
day, dark-yellowish-brown (10YR 4/4), calcareous, laminated. 
Silt, clay and sand-alternating, olive (SY 5/4), calcareous, organic 
matter. 

Total recovery 5.0'
 

Silt, gray (5Y 6/1), some very fine sand interbedded, pieces of
 
woody lignite (up to .25 feet long), calcareous.
 
Clay, greenish-gray (5GY 8/1), balls of clay darker color, pyrite
 
nodules (marcasite).
 
Silt and clay interbedded, gray (5Y 6/1), laminated, calcareous,
 
plant material.
 
Silt and lignite interbedded laminated, gray (5Y 6/1), contorted
 
lower contact.
 
Clay, gray (N 51), calcareous, laminated, clay balls, lignitic
 
material becomes siltier downward.
 
day and lignite interbedded laminated, very dark-gray (5Y 3/1),
 
calcareous.
 

Total recovery 5.0'
 

Sand, very fine, silty, light-gray (5Y 6/1), calcareous.
 
Siltstone, soft, pale-olive (5Y 6/3), calcareous.
 
Clay, slightly silty, gray (5Y 6/1), calcareous.
 
Missing. Sand, gray (5Y 6/1), laminated, calcareous (only 0.2 feet
 
recovered from this interval).
 
Silt, gray (5Y 6/1), laminated, calcareous.
 
Clay, silty, gray (SY 6/1), calcareous, lignite fragments, clay balls.
 
Clay, gray (5Y 5/1), laminated, calcareous, clay balls, lignite
 
stringers 2 mm thick.
 
Lignite and clay.
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UND 75-2-2 
144-94-35 DAA 
Cored Interval 58-63 

58.0-61.3 

61.3-62.2 

62.2-63.1 

UND 75-6-2C 
145·93-16 CBB 
Cored Interval 25-30 

Cored Interval 57-63.1 

57.0-59.15 

59.15-59.5 

59.5-61.8 

61.1-63.1 

Cored Interval 72-77 

72.0-72.2 
72.2-72.4 

72.4-72.6 
72.6-74.2 

74.2-74.4 

74.4-75.2 

75.2-75.8 

75.8-76.4 

76.4-76.8 

APPENDIX IV-Continued
 
DESCRIPTIONS OF CORE SAMPLES
 

Total recovery 5.3' 

Silt and clay interbedded, overall dark-greenish-gray (5G 4/1),
 
noncalcareous, organic fragments, pyrite nodules, clay and silt or
 
both, laminated with laminations about 1-2 mm thick, silt is more
 
gray (N 5/1), some very fine detrital lignite on the bedding planes.
 
Silt and clay and lignite interbedded, dark- brown (5Y 3/1),
 
noncalcareous, silt balls, detrital lignite.
 
Silt and clay interbedded, dark - greenish-gray (5G 4/1),
 
noncalcareous, clay and silt beds are laminated (I-nun thick).
 
Organic fragments, fine detrital lignite.
 

Total recovery 0'
 

No core, gravel and sand washed out of core barrel.
 

Total recovery 6.1'
 

Clay, greenish-gray (5GY 6/1), noncalcareous, organic matter,
 
roots, stems, very platey looking clay when broken, chips of
 
lignite.
 
Clay, very silty, greenish-gray (5GY 6/1), noncalcareous,
 
nor.laminated.
 
Clay, dark-greenish-gray (5G 4/1), noncalcareous, nonlaminated,
 
organic fragments throughout, slightly silty.
 
Silt, grading to very fine sand, greenish-gray (5G 5/1),
 
noncalcareous, nonlaminated, chips of lignite, fragments of
 
organic matter.
 

Total recovery 4.8'
 

day, greenish-gray (5GY 5/1), noncalcareous, nonlaminated.
 
Clay silty, greenish-gray (SGY 6/1), slightly calcareous,
 
nonlaminated balls of silt.
 
Clay, greenish-gray (SGY 5/1), noncalcareous, nonlaminated.
 
Silt, dark-gray (5Y 5/4), calcareous, laminated, silt balls, pyrite
 
nodules.
 
Clay, greenish-gray (5GY 5/1), sl~ghtly calcareous, nonlaminated,
 
silt balls.
 
Silt, clayey, laminated (fmely), slightly calcareous, silt balls, dark

gray (5Y 5/4).
 
Silt to very fine sand, dark-gray (5Y 5/4), calcareous, laminated,
 
laminations are lighter-gray.
 
Silt, dayey, dark- gray (SY 5/4), slightly calcareous, laminated,
 
laminations are light-gray (SY 7/1).
 
Sand, very fine to silt, dark-gray (5Y 5/4), slightly calcareous,
 
laminated.
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Cored Interval 100-105 

100-105 

Cored Interval 135-140 

135-140 

137-138 

Cored Interval 153-158 

153.0-155.0 

155.0-155.1 
155.1-156.0 
156.0-156.3 
156.3-157.3 

Cored Interval 188-193 

188.0-190.3 

190.3-190.5 
190.5-193.7 

UNO 75·13·3C 
145-93·21 DAA 
Cored Interval 30-40 

30.0-31.5 

31.5-32.0 

32.0-33.2 
33.2-34.5 

34.5-36.0 

Cored Interval 62-66 

62.0-63.5 

APPENDIX IV-Continued
 
DESCRIPTIONS OF CORE SAMPLES
 

Total recovery 5.0'
 

Sand, medium to fine, dark - gyeenish-gray (5GY 4/1),
 
n oncalcareous, laminated, detrital lignite highlighting the
 
laminations. Sand seems to be finer at 100' and gravel to medium
 
sandy at 105', quartz and amphibole, and specks of biotite.
 

Total recovery 5.0'
 

Sand, medium and fine very dark - gyay (5Y 3/1), quartz,
 
amphibole, mica, noncalcareous, very slightly laminated.
 
A few clay balls found.
 

Total recovery 4.3'
 

Sand, medium to fine, greenish-gray (5G 5/1), salt and pepper
 
p~rite nodule, noncalcareous, crossbedded, quartz, amphibole,
 
nuca.
 
Lignite.
 
Sand, as above.
 
Silt, clayey, brownish-gray (SY 4/1), laminated organic matter.
 
Sand, medium to fine, greenish-gray (SG 5/1), noncalcareous,
 
crossbedded, quartz, amphibole, mica, pyrite nodules.
 

Total recovery 5.7'
 

Sand, fine, gray (SY 5/1), noncalcareous, slightly laminated, pyrite
 
nodules, chips of organic fragments.
 
Clay, silty, gray (5Y 4/1), noncalcareous, laminated, silt balls.
 
Sand, fine to medium, slightly laminated, noncalcareous, pyrite
 
nodules, organic fragments, gray (5Y 5/1).
 

Total recovery 6.0'
 

Sand, medium, olive (5Y 4/4), quartz, feldspar amphibole (glacial
 
sand).
 
Pebbles and cobbles of granitic rock types, Knife River flint,
 
ironstone concretions and fine grained sandstone.
 
Sand, medium, olive (5Y 4/4), quartz, feldspar, amphibole.
 
Sand, medium, olive-yellow (SY 5/8), laminated, iron stained,
 
quartz, amphibole, feldspar.
 
Sand, medium, gray and olive-yellow (5Y 4/1 and SY 6/8).
 

Total recovery 1.5'
 

Lignite, hard, black, with small thin veins of hematite.
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Cored Interval 66-74 

66.0-73.0 

Cored Interval 74-80 

74.0-78.1 
78.1-78.6 

78.6-79.6 
79.6-80.0 

Cored Interval 80-88.5 

80.0-80.5 

80.5-81.1 
81.1-81.8 

81.8-85.5 
85.5-85.7 
85.7-86.7 
86.7-86.8 
86.8-87.5 

UND 75-16-3C 
144-93-08 BCB 
Cored Interva11S-20 

15.0-15.9 

15.9-16.3 

16.3-17.5 

17.5-17.7 
17.7-17.9 

17.9-20.0 

Cored Interval 30-36 

30.0-33.0 

APPENDIX IV-Continued
 
DESCRIPTIONS OF CORE SAMPLES
 

Total recovery 7.0' 

Lignite, black to dark-brown, hard blocky. 

Total recovery 6.0' 

Lignite, fairly hard, some iron staining.
 
Clay, very dark-gray (5Y 3/1), with organic stringers (laminated),
 
noncalcareous.
 
Lignite (broken chunks).
 
Clay, gray (5Y 5/1), laminated, noncalcareous.
 

Total recovery 7.5'
 

Silt, clayey with thin stringers of lignite, laminated gray (SY 5/1),
 
noncalcareous.
 
day, silty, gray (SY 5/1).
 
Silt, slightly clayey, gray (SY 5/1), not calcareous, becomes sandy
 
near the bottom, not laminated.
 
Silt and very fine sand, gray (5Y 5/1), noncalcareous.
 
Clay, silty, gray (SY 5/1), noncalcareous.
 
Silt and very fine sand, gray (5Y 5/1), noncalcareous, laminated.
 
Clay, mottled, gray and light-gray (SY 5/1 and 5Y 7/1).
 
Silt to very fIne sand interbedded with clay, gray (5Y 5/1), clay is
 
white (SY 8/1).
 

Total recovery 5.0'
 

Interbedded silt and clay beds .1 thick (approx.) silt, olive (SY
 
4/3), clao/, :olive-gray (5Y 4/2), rootlets filled with limonite or
 
iron. Appe1.r5 slightly fractured. Both silt and clay laminated with
 
organic im~ression on fresh broken surfaces, noncalcareous.
 
Clay, laminated, noncalcareous, olive-gray (5Y 4/2), iron deposits
 
on bedding surface, much organic matter, peaty, clay is fractured.
 
Clay, laminated, noncalcareous, dark -brown (10YR 3/3) and
 
olive-gray (5Y 4/2), much organics.
 
Lignite.
 
Clay, very dark - gray (5Y 3/1). laminated, noncalcareous, 1
 
mm-thick stringers of lignite.
 
Clay, gray (5Y 5/1), laminated, noncalcareous, laminae 3-4 mm
 
thick, clay balls, a few lighter bands of clay, olive (5Y 5/3) at
 
19.4'.
 

Total recovery 6.0'
 

Silt, gray (SY 5/1) overall color, laminated, calcareous, laminae
 
being 3 mm thick alternating in color from light-gray (5Y 6/1),
 
more silty to dark-gray (5Y 4/1), more clayey, uniform core (one
 
piece).
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33.0-33.3 

33.3-34.65 

34.65-34.8 

34.8-36.0 

Cored Interval 50-60 

Cored Interval 95-100 

95.0-96.4 

96.4-98.4 

98.4-99A 

UND 75·!7·2C 
144·93-09 DDD 
Cored Interval 12-17 

12.0-12.3 

12.3-12.6 
12.6-12.9 
12.9-15.5 
15.5-15.8 
15.8-16.1 

Cored Interval 27-32 

27.0-27.7 
27.7-27.75 
27.75-27.85 
27.85-28.0 
28.0-28.33 

28.33-29.4 

APPENDIX IV-Continued
 
DESCRIPTIONS OF CORE SAMPLES
 

Sand, very fine, laminated, calcareous, dark- greenish-gray (5GY
 
4/1).
 
Silt, dark- greenish-gray (5GY 4/1), calcareous, laminated, laminae
 
1 mm thick.
 
Sand, very fme, dark-greenish-gray (5GY 4/1), laminated and
 
calcareous.
 
Silt, dark-greenish-gray (5GY 4/1), laminated, calcareous, laminae
 
1-2 mm thick.
 

Tot.u recovery 6.0'
 

Clay, dark - gray (5Y 4/1), slightly calcareous, laminated,
 
carbonaceous material less than 1 mm thick. Bands of clay, light

gray (5Y 6/1), silty, 1/10 of a foot thick throughout the length of
 
core. The last foot has bands of dark brown organic rich clay
 
(10YR 3/1) about 4 mm thick. Lignite stringer 2 mm thick at
 
59.2'.
 

Total recovery 4.4'
 

Alternating thin beds of sand, very fine, dark- greenish-gray (5GY
 
4/1), slightly calcareous, and clay, dark-gray (5Y 4/1), and lignite
 
stringer < 2 mm thick.
 
Clay, dark-gray (5Y 4/1), slightly silty, noncalcareous, laminated,
 
thin lignite stringers.
 
Clay as above; with thin bands of slightly silty clay, pale-yellow
 
(SY7/3).
 

Total recovery 4.1'
 

Silt, clayey, olive (SY 5/3), slightly calcareous, laminated, leaf
 
impressions, iron stained.
 
Clay, dark-gray (SY 4/1), noncalcareous, laminated as above.
 
Silt, clayey, olive (5Y 5/3), slightly calcareous, laminated as above.
 
Clay, dark-olive-gray (SY 3/2), noncalcareous, laminated as above.
 
Clay, dark-gray (SY 4/1), noncalcareous, nonlaminated.
 
Clay, dark-olive (SY 3/2), noncalcareous, laminated, leaf and stem
 
impressions replaced by iron.
 

Total recovery 5.0'
 

Absent, sand, no recovery.
 
Sand, fine, gray (SY 4/1), noncalcareous.
 
Silt, gray (SY 5/1), noncalcareous.
 
Clay, slightly silty, gray (5Y 5/1), noncalcareous.
 
Silt, coarse to very fine sand, dark-gray (SY 4/1), organic stringers,
 
noncalcareous, pyrite nodules.
 
Clay, very slightly silty, noncalcareous, no lamination, pyrite
 
nodules.
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29.4-30.15 

30.15-31.3 
31.3-31.63 
31.63-32.0 

Cored Interval 55-60 

55.0-57.2 

57.2-58.4 

58.4-58.9 
58.9-59.5 
59.5-60.8 

60.8-61.0 

Cored Interval 80-85 

80.5-82.5 

82.5-83.5 

Cored Interval 115-120 

115.0-115.5 

115.5-116.3 
116.3-116.9 
116.9-117.35 

117.35-117.55 
117.55-118.1 

118.1-118.4 

Cored Interval 138-143 

138.0-138.8 
138.8-139.4 

139.4-140.3 
140.3-140.8 
140.8-142.2 

142.2-142.6 

APPENDIX IV-Continued 
DESCRIPTIONS OF CORE SAMPLES 

Clay, slightly silty, finer than above, pyrite nodules, gray (5Y 5/1),
 
noncalcareous, nonlaminated.
 
Clay, silty, noncalcareous, nonlaminated, dark-gray (5Y 4/1).
 
day, silty, as above with lignite interbeds.
 
Silt, gray (5Y 4/1), noncalcareous, nonlaminated.
 

Total recovery 6.0'
 

Clay and silt interbedded, dark-gray (5Y 4/1), noncalcareous,
 
laminated, chunks of peaty lignite throughout, pyrite crystals.
 
Silt, clayey, gray (5Y 5/1), noncalcareous, laminated, pyrite
 
crystals.
 
Clay, dark-greenish-gray (5GY 4/1), noncalcareous.
 
Silt and clay interbedded, gray (5Y 5/1), noncalcareous.
 
Clay, gray (5Y 5/1), noncalcareous, lignite fragments, slightly
 
laminated.
 
Silt and clay interbedded, gray (5Y 5/1), noncalcareous, lignite
 
fragments.
 

Total recovery 3.0'
 

Clay and interbedded clay, silty, dark-gray (5Y 4/1), organic
 
matter, few chips.
 
Siltstone, light-brownish-gray (2.5Y 6/2).
 
Abandoned rest of core because of siltstone.
 

Total recovery 3.3'
 

Sand, very fine to fine, laminated-lignite fragments defme the
 
laminations, gray (5Y 6/1), noncalcareous.
 
Silt, gray (5Y 6/1), laminated as above, noncalcareous.
 
Clay, dark-gray (5Y 4/1), laminated, slightly silty, noncalcareous.
 
Clay, alternating bands of color from white (5Y 8/1) to gray (5Y
 
6/1), laminated, noncalcareous. 
Siltstone, olive (5Y 6/3), noncalcareous, nonlaminated. 
Clay, laminated with alternating bands of color 
noncalcareous. 
Silt, light-greenish-gray (5GY 7/1), noncalcareous 
lignite. 

as 

chu

above, 

nks of 

Total recovery 5.0' 

Clay, greenish-gray (5G 5/1), with chunks of coal, noncalcareous.
 
Clay, silty, slightly laminated, greenish-gray (5G 5/1),
 
noncalcareous.
 
Silt, dark-greenish-gray (5G 4/1), noncalcareous, laminated.
 
day, dark-greenish-gray (5G 4/1), laminated, noncalcareous.
 
Silt, clayey, laminated. light- greenish-gray (SGY 7/1), some
 
interbedded clay.
 
Lignite, peaty, woody.
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142.6-143.7 

143.7-144.3 

Cored Interval 17 5-180 

Cored Interval 200-205 

200-205 

205-205.15 

Cored Interval 235-240 

235.0-235.8 

235.8-237.2 

237.2-237.6 

237.6-239.55 

239.55-239.65 

239.65-240.1 

240.1-240.3 
240.3-240.4 

UND 75·IB-2C 
144-92-03 ADD 
Cored Interval 15-20 

15.0-17.0 

17.0-17.7 

17.7-18.8 

18.8-19.2 
19.2-20.0 

APPENDIX IV-Continued
 
DESCRIPTIONS OF CORE SAMPLES
 

Clay, silty, light - greenish-gray (5GY 7/1), noncalcareous,
 
laminated.
 
Clay, organic rich, black (SY 2.5/2), laminated-organic matter,
 
noncalcareous.
 

Total recovery 0.0'
 

No core.
 

Total recovery 5.15'
 

Clay, gray (5Y 4/1), noncalcareous, laminated, 2 mm thick,
 
slightly silty; some laminations are more silty, light-gray (5Y 7/1),
 
and about 4 mm thick.
 
Lignite.
 

Total recovery 5.4'
 

Silt, gray (5Y 5/1), laminated, nonca1careous, balls of clay inside
 
core.
 
Sand, very fine, noncalcareous, gray (5Y 6/1), laminated, detrital
 
lignite highlighting the laminations, pyrite nodules.
 
Sand, very fme, grading to silt, laminated, gray (SY 6/1),
 
noncalcareous, grading to clay, gray (5Y 5/1), noncalcareous,
 
slightly laminated.
 
Clay, gray (SY 5/1, 5Y 6/1, SY 7/l}, different bands of color
 
throughout.
 
Siltstone, very pale- brown (1 OYR 7/4), very fme, nonlaminated,
 
noncalcareous.
 
Clay, gray (SY 5/1). nonlaminated, noncalcareous, chunks of
 
lignite, balls of silt.
 
Silt, light-gray (5Y 7/1), laminated, calcareous.
 
Clay, gray (SY 5/1), nonlaminated, calcareous.
 

Total recovery 5.0'
 

Silt, bluish-gray (5B 6/1) (moist), laminated, concretions of
 
organic matter defining laminations, noncalcareous.
 
Broken pieces of core-mixture of silt, bluish-gray and clay, silty,
 
bluish-gray.
 
Clay, bluish-gray (5B 6/1) (moist), no bedding, very plastic,
 
noncalcareous.
 
Lignite, very hard, black.
 
Clay, bluish-gray (SB 6/1) (moist), no bedding, lignite (organic)
 
fragments within clay, clay slightly silty, noncalcareous.
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Cored Interval 35-40 

35.0-36.3 

36.3-36.6 

36.6-40.0 

Cored Interval 82-92 

82.0-83.5 

83.5-83.9 

83.9-87.8 

87.8-88.0 

88.0-88.7 

88.7-89.7 

Cored Interval 105-110 

105.0-105.4 
105.4-105.8 
105.8-107.0 

Cored Interval 125-130 

125.0-128.0 

128.0-129.5 

Cored Interval 165-170 

165.0-166.0 

APPENDIX IV-Continued 
DESCRIPTIONS OF CORE SAMPLES 

Total recovery 5.0'
 

Sand, very fme to fme, bluish-gray (5B 5/1) (moist), slight
 
crossbedding with organic matter, noncalcareous, uniform
 
throughout.
 
Clay, pale-olive (SY 6/3), nonbedded, noncalcareous, nonplastic,
 
slightly silty. 
Sand, fme to medium, bluish-gray 
feldspar, small percent 
throughout, noncalcareous. 

amphibole, 
(SB 5/1) 

nonb
(moist), 

edded, 
quartz, 

uniform 

Total recovery 7.7' 

Sand, very fine to silt, bluish-gray (5B 5/1) (moist). Laminated,
 
detrital lignite laminae, noncalcareous, uniform.
 
Clay, bluish-gray (5B 5/1) (moist), nonlarninated, noncalcareous,
 
small balls (globs) of silt mixed throughout.
 
Sand, very fme, bluish-gray (5B 5/1) (moist). Laminated with
 
detrital lignite, noncalcareous.
 
Clay, bluish-gray (5B 5/1) as above. Small balls of silt mixed
 
throughout.
 
Sand, very fine to silt, laminated with lignite (organic matter),
 
noncalcareous.
 
Core broken-mixture of silt and very fine sand, bluish-gray (5B
 
5/1), and clay. Silt mixed with balls of clay, clay mixed with balls
 
of silt, as above.
 

Total recovery 2.0'
 

Clay, very dark-gray (5Y 3/1), noncalcareous, nonlarninated.
 
Silt, clayey, dark-grayish-brown (2.5Y 4/2).
 
Clay, slightly silty, greenish-gray (SG 5/1), nonlaminated,
 
noncalcareous, contains lignite fragments.
 
Core was stuck in core barrel probably because core bit was worn
 
down and cutting too large of a core. Core was almost totally
 
destroyed in getting it out. The remaining few good pieces dried
 
out in the Ph-hour long battle. Only 2 feet of salvagable core.
 

Total recovery 4.5'
 

Clay, light-greenish-gray (SGY 8/1), noncalcareous, organic stems,
 
bank leaves, lignite fragments.
 
Lignite, brown, friable.
 
Core stuck in core barrel and was broken in pieces to remove it.
 

Total recovery 5.0'
 

Sandstone, calcium carbonate cemented, fIne grain, broken m
 
chunks, white (2.SY 8/1).
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166.0-167.8 

167.8-168.2 

168.2-170.0 

UNO 75-19-2C 
144-94-16 AAA 
Cored Interval 20-25.8 

20.0-21.45 

21.45-21.7 

21.7-23.0 

23.0-23.8 

23.8-24.9 

24.9-25.8 

Cored Interval 40-50 

40.0-41.0 

41.0-41.1 

41.1-42.0 

42.0-42.2 
42.2-42.8 

42.8-44.6 

44.6-45.2 

45.2-46.2 

46.4-50.0 

APPENDIX IV-Continued
 
DESCRIPTIONS OF CORE SAMPLES
 

Sandstone, calcium carbonate cemented as above, one solid chunk,
 
grading into sand, gray (sY 6/1), very fme to fine, laminated,
 
detrital lignite.
 
Sand, very fme to flne, gray (SY 6/1), highly carbonate, laminated
 
with detrital lignite.
 
Clay, Fe concretions pebble size, sand as above laminated, all
 
mixed when being removed from core barrel.
 
Core stuck in barrel, had to drop drill stem down it to remove
 
core.
 

Total recovery 5.8'
 

Clay, silty, olive-gray (5Y 5/2), slightly mottled in color with
 
yellow nodules (fresh), grade more silty downward, noncalcareous,
 
organic matter-leaves, stems.
 
Silt, pale olive (SY 6/3) (fresh), slightly clayey, noncalcareous,
 
gypsum crystals.
 
Clay, silty, olive-gray (5Y 7/2) (fresh), NO, bedding grades
 
more silty downward, noncalcareous.
 
Clay, as above, with dark specks, organic or possibly grease from
 
rig? grades to a silt at 23.8, pale olive (5Y 6/3) (fresh), gypsum
 
crystals, noncalcareous.
 
Silt, olive (sY 5/3), small nodules of iron, noncalcareous, grades to
 
very fine sand.
 
Sand, very flne to silt, olive (SY 5/3), noncalcareous.
 

Total recovery 10.0'
 

Clay, olive-gray (5Y 5/3) (moist), noncalcareous, bedded with silt,
 
yellowish-brown (lOYR 5/4) (moist).
 
Sand, fine to very fme, light olive-brown (2.5Y 5/4) (moist),
 
noncalcareous.
 
Clay and interbedded silt and very fine sand, colors as above,
 
noncalcareous.
 
Sand, very fme, olive-yellow (2.5Y 6/4).
 
Silt, yellowish-brown (10YR 5/4) (moist), and interbedded sand,
 
very fine, colors as above.
 
Interbedded silts and clays, yellowish-brown (lOYR 5/4) (moist),
 
olive (5Y 5/3) (moist), iron concretions (nodules) 5 em diameter,
 
noncalcareous. The core tends to break apart at the sand and silts.
 
Sand, very fine, olive-yellow (2.5Y 6/8) (moist), and interbedded
 
silts as above.
 
Interbedded clay, grayish-brown (2.sY 5/2) (moist), silt,
 
yellowish-brown (10YR 5/4), sand, very fine, olive-yellow (2.5Y
 
6/4), sand beds are only a few em thick.
 
Silt, dayey, very dark grayish-brown (2.5Y 3/2), some small
 
chunks (1-2 cm diameter) of organic material (dark brown),
 
interbedded with sand, very fine, light olive-brown (2.5Y 5/6), 2
 
cm thick, spaced about 20 em apart. All noncalcareous.
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Cored Interval 55-60 

55.0-57.0 

57.0-60.0 

Cored Interval 65-73 

65.0-67.6 

67.6-72.8 
72.8-73.0 

Cored Interval 80-90 

80.0-91.0 

Cored Interval 95-100 

95.0-98.0 

98.0-99.3 

UNO 75-28-4C 
144·94-01 CCC 
Cored Interval 20-25 

20.0-23.5 

23.5-25 

Cored Interval 70-77.5 

70.0-70.4 
70.4-71.2 

71.2-71.6 
71.6-71.75 
71.75-73.15 
73.15-73.65 

73.65-74.15 

74.15-74.45 
74.45-77.05 

APPENDIX IV-Continued
 
DESCRIPTIONS OF CORE SAMPLES
 

Total recovery 5.0'
 

Sand, dark- brown (10YR 3/3) (moist), fme to very fine,
 
interbedded with silt, gray (10YR 5/1), coarse, and organic leaf
 
impressions and lignite, silt, yellowish-brown (10YR 5/4).
 
Sand, fine to very Hne, dark-brown (10YR 3/3) (moist), cross
 
bedded, detrital lignite, organic material.
 

Total recovery 8.0'
 

Sand, fine grained, loosely cemented, brown (10YR 3/3),
 
fossiliferous (leaf impressions) cross bedded.
 
Clay, silty, olive (5Y 5/2).
 
Clay, silty, greenish-gray (5GY 5/1).
 

Total recovery 11.0'
 

Silt, gray (N 5/), noncalcareous, pyrite crystals, lignite fragments,
 
uniform interval.
 

Total recovery 4.3'
 

Silt, greenish-gray (5G 5/1), pyrite crystals, slightly laminated,
 
slightly clayey.
 
Lignite.
 

Total recovery 5.0'
 

Sand, medium, olive-yellow (5Y 6/5), quartz, feldspar, amphibole,
 
no bedding, noncalcareous.
 
Sand, medium as above, interbedded with peaty lignite, sand is
 
slightly iron stained.
 

Total recovery 7.05'
 

Clay, olive (5Y 4/3), noncalcareous.
 
Clay, gray (5Y 6/1), noncalcareous, interbedded with clay, light

brownish-gray (2.5Y 6/2), calcareous, and clay, white (5Y 8/1),
 

,calcareous, less than 2 mm thick.
 
Lignite.
 
Silt, very dark-brown (lOYR 2/2).
 
Clay, dark-gray (5Y 4/1), slightly calcareous, lignite stringers.
 
Silt, very dark - grayish-brown (2.5Y 3/2), noncalcareous,
 
interbedded clay, grayish.brown (2.5Y 5/2).
 
Sand, fme, very dark-grayish-brown (2.5Y 3/2), noncalcareous,
 
rootlets turned to peat.
 
Sand, fine, olive-gray (5Y 4/2), noncalcareous.
 
Sand, fine, greenish-gray (5GY 5/1), peaty rootlets.
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APPENDIX IV-Continued 
DESCRIPTIONS OF CORE SAMPLES 

Cored Interval 100-105 Total recovery 5.75' 

100-105.75 Sand, fine, slightly calcareous, dark-greenish-gray (5GY 4/1). 

Cored Interval 142-150.5 Total recovery 8.5' 

142.0-144.6 
144.6-145.5 

145.5-146.1 

146.1-149.0 

149.0-150.5 

UND 75·30-4C 
144-94-07 DAA 
Cored Interval 10-20 

10.0-15.3 

15.3-20.0 

Cored Interval 20-27 

20.0-24.8 

24.8-27.0 

Cored Interval 42-52 

42.0-43.35 

43.35-45.9 

45.9-47.15 
47.15-48.8 
48.8-51.7 

Cored Interval 70-78 

70.0-70.65 
70.65-71.05 
71.05-74.35 

74.35-78.0 

Clay, silty, greenish-gray (5GY 7/1), calcareous,laminated.
 
Silt and day interbedded, greenish-gray (5GY 7/1), calcareous,
 
laminated.
 
Clay, dark-greenish-gray (5GY 4/1), interbedded with clay, light

gray (5Y 7/1); both days calcareous and laminated.
 
Silt and clay interbedded, greenish-gray (5GY 7/1), calcareous,
 
laminated, clay balls, a 3 mm siltstone.
 
Silt to very fine sand, greenish-gray (5GY 7/1), calcareous,
 
laminated.
 

Total recovery 10.0'
 

Clay, silty, calcareous, color bands, gray (5Y 5/1) and
 
brownish-yellow (10YR 6/8).
 
Clay, silty, gray (5Y 5/1), calcareous with alternating thin beds
 
(up to .5 feet) of sand, very fine, calcareous, pale-olive (5Y 6/3),
 
with organic material.
 

Total recovery 7.0'
 

Sand, very fine, silty, calcareous, laminated with lignitized organic
 
matter, color bands of brownish-yellow (10YR 6/8), pale-olive
 
(5Y 6/3), and gray (5Y 5/1).
 
Clay, silty, black (SY 2.5/1), noncalcareous, organic rich,
 
lignitized organic material.
 

Total recovery 9.7'
 

Thinly interbedded silt, clayey, dark-gray (5Y 4/1), noncalcareous
 
and lignite.
 
Silt, clayey, calcareous, dark-gray (5Y 4/1), lignitized organic
 
matter.
 
Silt, sandy, soft, gray (5Y 5/1), calcareou..$, lignitized organics.
 
Sand, very fine. silty, calcareous. dark-gray (5Y 4/1).
 
Silt, clayey. gray (5Y 5/1), calcareous, lignitized organic material.
 

Total recovery 8.0'
 

Lignite, black (5Y 2.5/1).
 
Silt, lignitic, dark-reddish-brown (5YR 2.5/2), noncalcareous.
 
Silt, slightly clayey, grayish-brown (2.5Y 5/2), noncalcareous,
 
lignitized organic material.
 
Clay, silty, greenish-gray (5GY 5/1), noncalcareous.
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APPENDIX IV-Continued 
DESCRIPTIONS OF CORE SAMPLES 

Cored Interval 95-102.65 Total recovery 7.65' 

95.0-100.55 

100.55-100.8 
100.8-100.95 
100.95-102.65 

Cored Interval 120-125 

120.0-125.3 

Silt, sandy, noncalcareous, dark-gray (SY 4/1), laminated, contains
 
small pale-yellow sand clasts.
 
Sand, very fine, gray (5Y 5/1), noncalcareous.
 
Silt, as above.
 
Sand, as above.
 

Total recovery 5.3'
 

Sand, Hne grained, dark-greenish-gray (5GY 4/1), noncalcareous.
 

Cored Interval 160-169.3 Total recovery 9.3' 

160.0-160.9 
160.9-161.4 
161.4-161.45 
161.45-162.5 
162.5-163.2 

163.2-169.3 

Clay, black (5Y 2.5/2), noncalcareous, laminated.
 
Silt, dark-olive (5Y 3/2), noncalcareous.
 
Pyrite or marcasite nodule.
 
Lignite.
 
Silt with thin stringers of lignite throughout, noncalcareous, gray
 
(5Y 6/1). Pyrite or marcasite concretion at the bottom of interval
 
.OS feet thick.
 
Silt, gray (SY 5/1), calcareous, lignitized organic material.
 












