GEOLOGY, GROUNDWATER HYDROLOGY, AND HYDROGEOCHEMISTRY OF A
PROPOSED SURFACE MINE AND LIGNITE GASIFICATION
PLANT SITE NEAR DUNN CENTER, NORTH DAKOTA

by

Stephen R. Moran, John A. Cherry, Peter Fritz, William M. Peterson,

Mason H. Somerville, Steven A. Stancel, and James H. Ulmer

REPORT OF INVESTIGATION 61

NORTH DAKOTA GEOLOGICAL SURVEY
Lee C. Gerhard, State Geologist

1978

THIS PROJECT WAS FINANCED THROUGH A GRANT
FROM THE NATURAL GAS PIPELINE COMPANY OF AMERICA



GEOLOGY, GROUNDWATER HYDROLOGY,AND HYDROGEOCHEMISTRY OF A
| PROPOSED SURFACE MINE AND LIGNITE GASIFICATION
|
| PLANT SITE NEAR DUNN CENTER, NORTH DAKOTA

by
Stephen R. Moranl, John A. Cherryz, Peter Fritzz, William M. Petersona,

Mason H. Somervi]le3, Steven A. Stancel4, and James H. Ulmer‘5

1 Geolégy Division, Alberta Research Council,
Edmonton, Alberta; formerly North Dakota
Geological Survey

2 Department of Earth Sciences, University of
Waterloo, Waterloo, Ontario

3 Engineering Experiment Station, University of
North Dakota, Grand Forks, North Dakota

4 Department of Geology, State University of
New York, Binghamton, Bin%hamton, New York;
formerly North Dakota Geological Survey

5 Box 22, RR 1, Frazee, Minnesota; formerly
Engineering Experiment Station, University of
North Dakota

REPORT OF INVESTIGATION 61
NORTH DAKOTA GEOLOGICAL SURVEY
Lee C. Gerhard, State Geologist

1978

THIS PROJECT WAS FINANCED THROUGH A GRANT
FROM THE NATURAL GAS PIPELINE COMPANY OF AMERICA

Printed by Richtman’s Incorporated, Fargo, ND 58102 1978




CONTENTS

Page

L.OINTRODUCTION . . ot ot e e e e e e e e e e s e e e e e e s e e e e e 1
1.1 General Statement . . . v v v v v e e e e e e e e e e e e 1
1.2 Physiography and Topography . ... ... ... .. ... .. L 1
130bjectives and SEBPE « « s nss st mmm s 2 s wmu st ramme raw e s 1
14 Methodsof Study . s« s s vwa s s nmms o s G mEmss s nwEnrmsnman s 4
20 GEOLOGY . o i o e e e e e e e e e e e e e e 5
2.1 General Stratigraphic Framework . ..+ o v v v vn v v i v nmn o 5
2.1.1 Minnelusa FOrmation . . . « v o v v v v v v e e e e e e 7
2.1.2 Opeche Formation « «c o « s sms s s s onaassnnnsinwsssss 11
213D3KOtAGIDUP . . o o nv s kG 3 EE RS N W E S waeEs 11
2.1.4 Colorado and Montana Groups . . . . .o v v v v vt v it 13
2.1.5 Fox Hills, Hell Creek, and Ludlow Formations . .. ........... 13
2.1.6 Cannonball Formation . . . . . v v v v v v i v it it e 13
2.1.7 Bullion Creek Formation . . . . v v v v v v vt it e e e et e e e 15
2.1.8 Sentinel Butte FOrmation . . « v v v v v v v v v e e e e e e 25
2.1.9 Golden Valley Formation . .. .. ... ... uiieuieennnnn.. 25
2.1.10 Coleharbor FOrmation . . . . v v v v v vt vt e e e e e e 25

22 SEIUCEULE 5 i 5 5 % 6w w § 8 b b s B R R E P F MBS EE § 4 R B R b M & 27
2.2.1 Regional Structure . . . . . . ... e 27
2.2.2 Intermediate SEIUCLUTE « + v v v v v v e e v e e e e e e e 27
2.2.3 Small-Scale Structure . . . . . o v v e e e e e e e o

2.3 Detailed Stratigraphy of the Project Area . . .. . . .. ... . 33
2.3.1 Sentinel Butte Formation—Subsurface . . ... .. . . . ... 33
2301 ClLigniteIiterval « s « s vnw s snvmmsssumwssnmanas 35

2.3.1.2 B-Lignite Interval . . . . ... ... ... .. ... ... ... 35

2.3.1.3 A-Lignite Interval . . . . - . oot e e 35

2.3.1.4 Dunn Center Interval . . . . . . . 0 . 42

2:3.1.5 E-Lipnite Interval + . « s s xnw s vnwa s s oumas dssmnns 42

2.3.1.6 F-Lignite Interval and G-Lignite Interval . . . . .. ... ... .. 42

2.3.1,7 H-ligniee livteral < « « c swaws s nwamcs wamnss smwns 49

2318 -LigniteInferval « .« < : ves s ssmus s numans vniaa 49

2.3.1.9 J-Lignite Interval . . . ... ... ... 49

2.3.2 Sentinel Butte Formation—Little Missouri Badlands Outcrop Area . . . 49

2.4 Relation of Geology to Projected Activities . . . ... ... .. ... 54
2.4.1 Possible Geologic Hazards . - « s vvow s s soms s s snwss s anun 54
2.4.1.1 Surface Subsidence . . . .. . . i e 54

2412 Landsliding < s v s v s ks v s s s R ums 00 b EE bk ko 55

2413 B108I0M « 4 v v v i e e e e e e e e e e e e e e e e 56

2.4.2 Reclamation . . . v v i v e e e e e e e e e 56

3.0 SUBSURFACE HYDROLOGICAL AND GEOCHEMICAL SYSTEMS . . . ... .. 58
3.1 General Conditions . . v v vt it i e e e e e e 58
3.2 Methods of Investigation. « « « s s ww s s bnawa o s amu s v o @madsown 59
3.3 Hydraulic Conductivity Measurements . . . .. oo v v v v oo i v i n s v n .o 60
331 Lignite . . ... e e 60
3.3.2 Sand Aquifers in the Sentinel Butte Formation . .. ... ........ 64
3.3.3 Confining Beds in the Sentinel Butte Formation . . ........... 64
JAPOKOSIEY v v v v v i b e e i i e s e e e ey e 64
3.5 Aquifersand Aquitards . . . . . ... e 64
3.5.1 Coleharbor FOrmation . . . v v v v v v v vt e e e e e e e e e e e 64




3.5.2 Overburden Aquifer-Aquitard System . . ... ...... ... ..... 3
3.53DunnCenter Bed . . v 0 o h i i e e e e e 76
3.5.4 Lower Part of Sentinel Butte Formation . . . . . v v v v v v v v v v 77
3.5.5 Bullion Creek Formation—Upper Part . . ... ... ........... 77
3.5.6 Bullion Creek Formation—Middle and Lower Part . . ... ....... 77
3.5.7 Cannonball Farmation . . . . v v v v v v e e e e e 77
3.5.8 Ludlow Formation and Hell Creeck Formation—Upper Part . . . . ... 80
3.5.9 Fox Hills Formation and Hell Creek Formation—Lower Part . .. . .. 80
3.5.10 Pierre Formation . . v . v v i v v et e e e e e e e e e e e e e 80
3.6 Groundwater-Flow Systems . . ... ... ... . i e 80
3.6.1 Introduction . . . v v vt e e e e e e e e e 80
3.6.2 Terminology and Conceptual Framework . .. ... ........... 81
3:6.3 Regional Water Table : s . v s ¢ v vaavsvsmumsiasmmisensn 81
3.6.4 Hydraulic Head Distribution . . . . . ... ... oo o 84
3.6.5 Flow Patterns and Velocities . . . .« v v v v v i it i e e 99
36,6 Rechargeand Discharge «s v s v nssasssnusssnnmnmas sws 101
3.6.7 Flowinthe Valley Fill . . .. ... ... ... . ... 102
3.6.8 Terminology and Concepts in Isotope Studies . . .. ... ... ... .. 103
3.6.9 Hydrologic Information from Oxygen-18 Data . . . ... ... .. ... 105
3.6.10 Hydrologic Information from Tritium Data . . . ... ... ... ... 112
3.6.11 Interpretation of the Carbon Isotope Data . . . .. ........... 115
3.6.12 Hydrologic Interpretation of Water Chemistry Data . . . . . ... .. 119
3.6.13 Summary of Groundwater-Flow System . ... ............. 145
3.7 Groundwater Use and Supplies . . . ... ... v i 150
3.8 Groundwater Quality . . . . ... ... e 156
3.9 Surface Water-Groundwater Interactions . . . . . v v v v v v v v o e e 157
3.9.1 IntrodUuctiOn + v v v v v v e e e e e e e e e e e e e e 157
3.9.2Lake Ilo . .. e e e e e 157
BIB3Marshiall Slotigh -+ v ¢ v s sswssvins s wnmaosewnais 2naa 161
3948pringCreek . . . ... . . ... i i i e e 163
3.9.50ther ATBaS . . v v v it e e e e e e 169
3.10 Geochemical Evolution of the Groundwater . . . .. ... vt v i vt 170
3.10.1 General Chemical Characteristics of the Groundwater . ... ..... 170
3.10.2 Conceptual Geochemical Model . . ., . ... ... . oL 170
3.10.3 Occurrence of Calcite and Exchangeable Cations . . . ... ... ... 176
3.10.4 Origin of Calcite, Gypsum, and Exchangeable Sodium . ... ... .. 177
3.10.5 Groundwater Below the Sentinel Butte Formation . . ... ... ... 182

4.0 IMPACTS OF THE PROPOSED DUNN CENTER PROJECT

ON THE GEOLOGIC AND GEOHYDROLOGIC ENVIRONMENT . ... ... .. 183

4.1 EBffects on Water Levelsin Wells . . . . . . . . o 0 i it it it e e e e 183

4.2 Effects on Surface Water Regime . . . . ... oo it 184

4.3 Effects on Groundwater Chemistry . . . . . ..o v it 184

4.4 Effects on Post-Mining Water Supply . . .. ... ... .. ... oo L. 184
REFERENCES . . . i i i it e e e e s e s e e e e e e e e e e e e e e e 185
APPENDIX I-DEPTH TO TOP OF STRATIGRAPHIC MARKER BEDS ... ... .. 189
APPENDIX II-GEOPHYSICAL LOGS OF STRATIGRAPHIC TESTHOLES . ... .. 195
APPENDIX III-DESCRIPTIVE LOGS OF STRATIGRAPHIC TESTHOLES .. .. .. 222
APPENDIX IV-DESCRIPTIONS OF CORE SAMPLES . ... ... ... ... .. 252

it




2.2.1-1
2.2.2-1
2.2.2-2
2.2.31

2.3.1-1

ILLUSTRATIONS

Physiographic divisions of North Dakota showing location of the

Dunn Center Project area . « . « « <« v v v o s s s o 4 s s st a0 a o e e
Map of the topography of the Dunn Centerarea . . . . ... ..........
Map of the location of stratigraphic testholes in the Dunn Center area . . . .
Map of the location of overburden core holes in the Dunn Center area . . . .
Geophysical log of the Minneslua and Opeche Formations . . . ... ... ..
Map of the thickness of the Minnelusa Formation in the Dunn Center area . .
Map of the elevation of the top of the Minnelusa Formation in the
DonnCenter aréa » » s « s« s n s 5w t s pum o2 s pnw s s Famanmes s
Map of the thickness of the Opeche Formation in the Dunn Center area . . .
Geophysical log of the lower part of the Dakota Group . ... ... .. ...
Map of the thickness of the Lakota and Fall River Formations in

the DUnnComtes @88 « « c s s 9 nww 5w ws 50 xmm o8 80 nuss s &us
Map of the elevation of the top of the Fall River Formation in

the Dunn Centerarea . . v v o v v v oo v v v ittt et
Map of the elevation of the Pierre Formation in the Dunn Center area . . . .
Geophysical log of the Fox Hills, Hell Creek, and Ludlow Formations . . . .
Map of the thickness of the Fox Hills Formation in the Dunn Center area . .
Map of the elevation of the top of the Fox Hills Formation in the
DunnCenter area: « s o o5 « & s w s 5 + mw e a & 14 686 55 $ 55 o4 8 3 W
Geophysical log of the Hell Creek, Ludlow, and Cannonball Formations
and the base of the Bullion Creek Formation. . . ... .............
Geophysical log of the Hell Creek and Ludlow Formations and the

base of the Cannonball Formation . . . . ... ... . oo
Geophysical log of the Cannonball Formation . . ... .......... ...
Map of the elevation of the top of the Cannonball Formation in the

DUnn CENYEr ar€a.y « voo v ¢ s w s w i m s s s mivu s smmms 2 &6 mpw e & ame
Map of the thickness of the Cannonball Formation in the Dunn Center area .
Map of the thickness of the Bullion Creek Formation in the
DinnCenterarta . « o s 5o s s s s d i s 6 st b 5 b A S5 ¢ 5 b BT ® &5 &3
Geophysical log of the lower and middle part of the Bullion Creek
Formation . . o v v v v v ittt i e e e e e e e e
Geophysical log of the upper part of the Bullion Creek Formation . .. ...
Geological map of the Dunn Centerarea . ... ... ... ...uvuun. ..
Stratigraphic cross section E-E’ along the axis of a partly buried glacial
meltwater channel extending from sec 2, T144N, R94W to sec 16,

TI44N, ROBW. . o o oo e e e e
Map showing location of stratigraphic and hydrologic cross sections in

the Dunn CeNLEr ar€a. . v v v v v v e o v v v v ettt e e e e e e e e e
North-south cross section in the proposed plant site area

C-C’ showing stratigraphy of the valley fill . . ... ...............
North-south cross section G-G’ showing stratigraphy of valley fill at

the southeast edge of Lakello . .. ... ... ... ... ... ... ... ..
Map of the elevation of the top of the Bullion Creek Formation

inthe Dubin Centerarea « « + s s s a s s s w e x s 18 6B % 6 § § R 8B 4 b6 ¥ &
Map of the elevation of the top of the M-lignite in the Dunn Center area . . .
Map of the elevation of the top of the N-lignite in the Dunn Center area . . .
Map of the elevation of the top of the Dunn Center bed in the

Dunn Centerateas w o « v s s s » w0 & i 5 § RS @ d § wa@md 3 AEEF § 5
East-west stratigraphic cross section of the Sentinel Butte Formation
above the Dunn Center bed in proposed mine areaNo. 1. .. . ... ... ..

il

O N ONWL N

10
10
11
12
14
14
15
16
17
17
18

19
20

21
21

22
23

24
26

28

30

31

32
33

36




Figure
2.3.1-2

2.3.1.1-1
2,3.1.1-2
2.3.1.2-1
2.3.1.2-2
2.3.1.3-1
2.3.1.3-2
2.3.1.41
2.3.1.4-2
2.3.1.5-1

2,3.1.52
2.3.1.5-3
2.3.1.6-1
2.3.1.6-2
2.3.1.6-3
2.3.1.71
2.3.1.8-1
2.3.1.8-2
2.3.1.91
2.4.2-1

3.21

3.3.11
3.3.1-2
3.5.1-1

3.5.1-2

W
U o
el
() NN N}

3.5.1-6
3.5.1-7
3.5.1-8
3.5.2-1

3.5.2-2

North-south stratigraphic cross section of the Sentinel Butte Formation
above the Dunn Center bed in proposed mineareaNo. 1 . ... ... ... ..
Geophysical log of the upper part of the Sentinel Butte Formation . . . . . .
Map of the thickness of the Clignite in proposed mine areaNo. 1 . ... ..
Map of the thickness of the B-interval in the Dunn Center area . .. ... ..
Map of the thickness of the B-lignite in the Dunn Centerarea . ... ... ..
Map of the thickness of the A-interval in the Dunn Centerarea . . . ... ..
Map of the thickness of the A-lignite in the Dunn Center area . . .. ... ..
Map of the thickness of the Dunn Center interval in the Dunn Center area . .
Map of the thickness of the Dunn Center bed in the Dunn Center area . . . .
Geophysical log of the middle and lower part of the Sentinel Butte
Formation « « v v sm ez sumums ssmues SEE~gromaens s nvmn s oo
Map of the thickness of the E-interval in the Dunn Centerarea .. ......
Map of the thickness of the E-lignite in the Dunn Center area . . .. ... ..
Map of the thickness of the F-interval in the Dunn Center area . . . ... ..
Map of the thickness of the F-lignite in the Dunn Centerarea . ........
Map of the thickness of the G-lignite in the Dunn Centerarea . ... ... ..
Map of the thickness of the H-lignite in the Dunn Center area . . .. ... ..
Map of the thickness of the I-interval in the Dunn Centerarea . . . . ... ..
Map of the thickness of the I-lignite in the Dunn Center area . ... ... ..
Map of the thickness of the J-lignite in the Dunn Centerarea . ........
Generalized diagram summarizing the acceptability of overburden
materials as suitable plant-growth material in the various stratigraphic,
hydrologic, and topographic settings in the Dunn Center area . . . . . ... .
Maf) of the location of hydrological sites in the Dunn Centerarea . . . . . ..
Relationship between hydraulic conductivity of lignite determined by
pamptests and depth v v v v s s v unara s u e rm e
Relation between hydraulic conductivity of lignite determined by
single-well response testsanddepth . . .. ... ... . L L
Map of the thickness, in feet, of valley fill in the Coleharbor

Formation, DunnCenterarea. . . . . .« ¢ v v v v v v e i v e v e e e e e
Map of the elevation of the potentiometric surface in the Coleharbor
Formation, Dunn Center area . . « . « « « v v v v e v v ot v e b e e e e
North-south hydrologic cross section C-C' through the plant site area . s
East-west hydrologic cross section D-D’ through the plant site area . . . . . .
Hydrologic cross section E-E’ along the axis of the partly buried

glacial meltwater channel extending from sec 2, T144N, R94W to sec

16, TIAAN, RI3W - v cn v s s sin 6 263 s ms 66 e as s 6o 5 s o oo
Hydrologic cross section F-F across the partly buried glacial meltwater
channel in secs 16 and 17, T144N, RO4W . . . . . . . . . i it v e i i v v o
Hydrologic cross section G-G’ across the partly buried glacial meltwater
channel at the southeastedge of LakeIlo . . . . .. .. ... oL,
Frequency distribution of hydraulic conductivity data for non-lignite
aquifersinthe Dunn Center area . « « « v s o s s s s o ono s s s mws sonwa
Frequency distribution of hydraulic conductivity data for lignite
aquifersin the DunnCenterarea . . . . . . . .. .o v vt i iu v on
Map of the distribution of values of hydraulic conductivity, in cm/sec
(x10%), in the A-lignite, in the Dunn Centerarea . ...............
Map of the distribution of values of hydraulic conductivity, in cm/sec

(x1 0%4), in the Dunn Center bed, in the Dunn Center area . . . .. ... ...
Map of the distribution of hydraulic conductivity, in ecm/sec (x10%)

in the E-lignite, in the Dunn Centerarea. . . . . . v o v v oo oo v v v u ..
Map of the distribution of hydraulic conductivity, in cm/sec (x10%)

in the F-lignite, in the Dunn Centerarea . .. .. ... v v e oo

iv

75




3.6.4-7
3.6.4-8
3.6.4-9
3.6.4-10
3.6.4-11
3.6.4-12
3.6.4-13

3.6.4-14
3.6.9-1

3.6.9-2

3.6.9-3

3.6.12-1
3.6.12-2
3.6.12-3
3.6.124
3.6.12-5
3.6.12-6
3.6.12-7

3.6.12-8

Map of the distribution of hydraulic conductivity, in cm/sec (x104

in the H-lignite, in the Dunn Center area . ..................
Map of the depths to main water table in the Dunn Center area . . . . .. ..
Map of elevation of regional water table in the Dunn Center area . . . . . ..
Map of the elevation of the potentiometric surface of the A-lignite . .. ...
Map of the elevation of the potentiometric surface of the Dunn

Certer Bed . i v v vn o s mmen e s R A EE E G B EEE s b e EEE a5
Map of the elevation of the potentiomettic surface of the E-interval
incFuding theBlignfte : s swvass s vwwosnpawnsnasans eoswa s
Map of the elevation of the potentiometric surface of the F-interval,
Flignice, atid GAnterval » v v s u c s v mma s smpne sanpay powam oo
Map of the elevation of the potentiometric surface of the H-interval,
H-lignite, and the upper part of the Iinterval . . .. .. .. ... ... ...,
Map of the elevation of the potentiometric surface of the lower part
of the Sentinel Butte Formation and the upper part of the Bullion Creek
FOrmation . « « v v o s o v o o st o s o 8 n o s s o o s a o v ot o s o s s v ma s
Map of the elevation of the potentiometric surface in the middle and
lower part of the Bullion Creek Formation . . . ... ..............
Hydrualic head distribution from observation wells and estimated flow
direction components along section A=A’ . . ... ...
Hydraulic head distribution from observation wells and estimated flow
direction components along section B-B> . ... e
Hydraulic head distribution from observation wells along cross section

Hydraulic head distribution along cross section G-G* . .. ...........
Oxygen-18 concentrations in samples from UND wells and farm wells

along cross section A-A’ . . . oo e
Oxygen-18 concentrations in samples from UND wells and farm wells
alongcrosssection B-B® . o o v s s cae s i s mwa s s haan dd b wma 5
Oxygen-18 concentrations in samples from UND wells along cross

SEOEOE B » « v unn s« sme BB ANB S P S BB L B EEN P DS EE E
Concentrations of Nat (mg/liter) in samples from UND and farm wells

along cross section A-A’ . . .t . i i i i e e
Concentrations of Ca2* (mg/liter) in samples from UND and farm

wells along crosssection A-A% « « s ¢ s v s v s s s s s s s ww e s @ BEEE s
Concentrations of HCO3~ (mg/liter) in samples from UND and farm

wells along crosssection A-A’. . . . ... L o
Concentrations of SO42- (mg/liter) in samples from UND and farm

wells along cross section A-A’. . . . . .. L
Concentrations of Cl' (mg/liter) in samples from UND and farm wells

along erans SeabioN Al « + cuwnm s smmmu s s swpn s ummmsss smnns -
Electrical conductivity, in milli mhos/cm, of samples from UND and

farm wells along cross section A-A’. . . . . ... L L L .
Concentrations of Na* (mg/liter) in samples from UND and farm wells
alongcrosssection B-B” . . . ..o e e
Concentrations of Ca2* (mgfliter) in samples from UND and farm

wells along crosssection BB’ . . . . .. ... e



Figure Page
3.6.12-9 Concentrations of HCO3™ (mgl/liter) in samples from UND and farm

wells along crosssection BB’ . . . .. ... ... 128
3.6.12-10 Concentrations of SO42 (mg/liter) in samples from UND and farm

wells along crosssection BB’ . . . . . ... e e 129
3.6.12-11 Concentrations of Cl (mg/liter) in samples from UND and farm

wells along crosssecion B-B’ . . . . v oo i i e e 130
3.6.12-12 Electrical conductivity, in milli mhos/cm, of samples from UND

and farm wells along cross section B-B* . . . .. ... ... ..., 131
3.6.12-13 Map of electrical conductivity, in micro mhos/cm, of water samples

from UND and farm wells in the Adignite s o s o s s v u s nuns s ssonsas 132
3.6.12-14 Map of electrical conductivity, in micro mhos/cm, of water samples

from UND and farm wells in the Dunn Centerbed. . . . . ... ... ... .. 132
3.6.12-15Map of the electrical conductivity, in micro mhos/cm, of water samples

from UND and farm wells in the E-interval, including the Elignite. . . . . . . 133

3.6.12-16 Map of the electrical conductivity, in micro mhos/cm, of water samples

from UND and farm wells in the upper part of the I-interval and the

H-interval, including the H-lignite. . . .. ... ... ... ... ... ... 133
3.6.12-17 Plot of mean values of ratios Na+K/Ca+Mg to HCO3+C0O3/S04+Cl

of groundwater in the Dunn Center area grouped by water type and

By StatighapRIE BIIE o « 5 « s msnm ras w5 a G oL BB § F RS HE @ X wEER S 137
3.6.12-18 Location and stratigraphic position of groundwater samples in chemical
analysis groug I, Dunn Center area . . . « « v v v v v v o o n v s v v v o 139
3.6.12-19 Location and stratigraphic position of groundwater samples in chemical
analysis grou; III, Dunn Centerarea . .. ... ... v ouuonuuuunnnnn 140
3.6.12-20 Location and stratigraphic position of groundwater samples in chemical
analysis group V; Dunn Centerares . v s s s s soss s s mowiss samoss s 141
3.6.12-21 Location and stratigraphic position of groundwater samples in chemical
analysis group VI, Dunn Center area . . . .. v oo v v v v v v v v e e 143
3.6.12-22 Location and stratigraphic position of groundwater samples in chemical
analysis group VIL, Dunn CEnter ared « v « « » s o s n s s o v s o s v s v+ 144
3.6.12-23 Location and stratigraphic position of groundwater samples in chemical
analysis group IX, Dunn Centerarea . . . . . ..o v v vt v vt v e n .. 146
3.6.12-24 Location and stratigraphic position of groundwater samples in chemical
analysis group X, Dunn Centerarea . . .« ¢ v o oo s s v s oo s s oo ans oo 147
3.6.12-25 Location and stratigraphic position of groundwater samples in chemical
analysis group XI, Dunn Center area . . . o v v v v v v o v v v i v e e e 148
3.7-1 Map of wells producing water from aquifers in the Coleharbor Formation
and B- and C-lignites and intervals in the Dunn Center area . . ... ... .. 151
3.7-2 Map of wells producing water from the A-interval and A-lignite
intheDunnCenterarea . . . . . . v o v vt vt vt v v ittt e et e en s 152
3.7-3 Map of wells producing water from the Dunn Center bed and interval
intheDunn Centerarea . . . v .« o v v v v v o s v vt e oo i e vt n e aa e 153
3.74 Map of wells producing water from the E- and F-intervals and lignites
inthe DunnCenter ares « s s w4+ s 854 s s canm ua s B A LU sEa s o 154
3.7-5 Map of wells producing water from the G-, H-, I-, and J-intervals
and lignites in the Dunn Centerarea . .. .. ... ..ot oo 155
3.9.2-1 Map of UND, Water Commission, and farm wells near Lake Ilo ... ... .. 158
3.9.3-1 Hydrogeologic conditions near Marshall Slough, Spring 1976 . ... ... .. 162

3.9.4-1 Hydrogeologic conditions near Spring Creek at UND site 34, Spring 1976 . . 164
3.9.4-2 Hydrogeologic conditions near Spring Creck at UND site 32, Spring 1976 . . 165




Table Page

3.3.1-1 Comparison of values of hydraulic conductivity of lignite . . . ... ... ... 60
3.6.9-1 Comparison of oxygen-18 values for wells samples twice, Dunn Center

Aea; 19750 s s v o v 5 v B d i B e s b S E R4 R E s § e s EEE s 8 W 106
3.6.10-1 Results of tritium analyses of farm well samples (expressed in tritium

unies), Dunn Conter ates, 1975 s an ¢ 1 s mms s s pumwn swommss poas 113
3.6.10-2 Results of tritium analyses of samples from UND observation wells

(expressed in tritium units), Dunn Center area, 1975 . . . . ... .. ... ... 114

3.6.11-1 Results of carbon isotope analyses of samples from farm wells and UND
wells, Dunn Center area, 1975, with other isotopic and chemical data for

COMPATISON, 4 x5 « wx w w3 & s 5 n ® @ ¢ Nw KX S s B EE® 61 BESA S 8 080 116
3.6.12-1 Summary of chemical analyses of groundwater in the Dunn Center area

grouped by stratigraphic unit and chemical type . . .. . ... ... . ... 134
3.7-1  Summary of water wells in the Dunn Center area by stratigraphic position

N0  ssan s rusENy PERESE BRI AR BAEEE LR MR 150
3.7-2  Estimated groundwater use in the Dunn Centerarea . .............. 150
3.8-1  Summary of U.S. Public Health Service (1962) standards for drinking

water QUAlIEY . . v v e e e e e 156

3.9.2-1 Results of oxygen-18 and tritium analyses of samples from UND wells
and farm wells near Lake Ilo, Dunn Center area, 1975 (see fig. 3.9.2-1

forlocationsofwells) . . . . ... ... .. . . e 160
3.9.2-2 Comparison of main chemical characteristics of Lake Ilo water with

Knife River, Little Missouri River and Spring Creek water . ... ...... .. 161
3.9.4-1 Results of oxygen-18 and tritium analyses of samples from farm

wells and UND wells near SpringCreek . . . . .. ..o oo vvi i vi oo n . 166

3.9.4-2 Comparison of average chemistry of Spring Creek and Lake Ilo for the
period from 05/27/75 to 10/07/75 with chemistry of samples from farm

wells and UND wells near Spring Creek . . . .. .o v v i it vn v nn .. 167
3.9.4-3 Variations in major ion chemistry and flow discharge in Spring Creek at
Werner and Halliday during the period of 04/26/75 to 10/07/75 . .. ... .. 168
Plate
1. North-south stratigraphic cross section of the Sentinel Butte Formation,
Dunn Center area, south half . ... ......... ... ... .......... (in pocket)
2. North-south stratigraphic cross section of the Sentinel Butte Formation,
Dunn Centerarea,north half . . ... ....... ... i iuieens (in pocket)
3. East-west stratigraphic cross section of the Sentinel Butte Formation,
Distiti CENEEFAFSR « » o wow s s o w s 58 5 3 § 455 6 § EEHB Y S HEED ¢ 5 &5 5 (in pocket)

4. Stratigraphic cross section of the Sentinel Butte Formation in the
Little Missouri Badlands, Lost Bridge to Wolf Chief Bay,
Dann County, Nofth Dakets . s vscw s vnwwo s mxmmss swmansrns (in pocket)



e e T s e O R e B e e e R e N Ly Sy O Ry

1.0 INTRODUCTION
1.1 General Statement

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

1.2 Physiography and Topography

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

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

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

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

1.3 Objectives and Scope

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

1.4 Methods of Study

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

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

stratigraphic detail beneath the area of




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

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

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

5

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

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

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

2.0 GEOLOGY
2.1 General Stratigraphic Framework

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

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

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

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




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

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

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

2.1.3 Dakota Group

The Dakota Group consists of two
major lithologies. At the base of the group,
the Fall River and Lakota Formations
consist dominantly of sand and sandstone
(fig. 2.1.3-1). Overlying these formations
are the Skull Creek and Mowry
Formations, which consist dominantly of
shale, separated by the Newcastle
Formation, which is sand or sandstone (fig.
2.1.3-1). The Fall River and Lakota
Formations consist of thick beds of sand
and sandstone interbedded with silty
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Figure 2.1.2-1 Map of the thickness of the Opeche Formation in the Dunn Center area.
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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 Falf River Formation lies at depths of
4850 to 5370 feet below the land surface
(app. A-1). Its elevation varies from about
2950 feet below sea level, in the western
part of the project area, to about 2700 feet
below sea level, in the east (fig. 2.1.3-3).

2.1.4 Colorado and Montana Groups

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

2.1.5 Fox Hills, Hell Creek, and
Ludlow Formations

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

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

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

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

2.1.6 Cannonball Formation

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

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

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

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

topographic effects.

2.1.7 Bullion Creek Formation

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

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

naaw] bal k1

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

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

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

2.1.8 Sentinel Butte Formation

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

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

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

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

2.1.10 Coleharbor Formation

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

Two principal occurrences of
sediment ofp the Coleharbor Formation
have been recognized in the project area:
(1) thin, discontinuous patches on the
uplands, largely restricted to the northern



26

R84AW | Reaw R83W | REBRW

RORW | RBAW

o1 2 a3

COLEHARRBOR GROUP-
THISK, FLUVIAL SED) -

COLEHARBOR GROUP -
m THIN GLACIAL PEEBLE-
LoAM

A Commarion ¥

SENTINEL BUTTE
FORMATION

1 2 3
T e VIILES
el KILOMETERS

. . X
2
K LAKE B
o
F
71 ''''''' .
- (J . - ‘u .
= Da
Jiaqn | . " . . . . %
Tia3N + +
s 3 5
BLDOUGH
ﬁ.
. R T
~ = - -
nasw | Reaw Reaw | Reaw rReaw | Reaw

Figure 2.1.9-1 Geological map of the Dunn Center area.




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

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

2.2 Structure

2.2.1 Regional Structure

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

2.2.2 Intermediate Structure

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

2.2.3 Small-Scale Structure

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

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

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

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

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

2.3 Detailed Stratigraphy
of the Project Area

2.3.1 Sentinel Butte
Formation—Subsurface

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

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

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

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

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

2.3.1.1 C-Lignite Interval

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

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

2.3.1.2 B-Lignite Interval

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

2.3.1.3 A-Lignite Interval

The A-lignite interval extends from
the base of the B-lignite to the base of the
Alignite (fig. 2.3.1.1-1). It forms the
Surgce material over much of the project
area. In Mine Area No. 1, the A-interval has
been subdivided into seven lithologic units.
The lowest unit (unit 210) which
everywhere rests on the A-lignite, is silt. A
discontinuous unit of sand and silty sand
(unit 220) overlies the silt and the
Alignite. In some places this sand is as
much as 60 feet thick. A unit of silt (unit
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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 a2 mean thickness of 7.1 feet in Mine
Area No. 1 (fig. 2.3.1.3-2). North of Spring
Creek it is thicker. In some places, the
A-lignite grades laterally into unit 130 and
is replaced by sand (figs. 2.3.1-1, 2.3.1-2).

2.3.1.4 Dunn Center Interval

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

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

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

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

2.3.1.5 E-Lignite Interval

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

2.3.1.6 F-Lignite Interval
and G-Lignite Interval

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

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

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

2.3.1.7 H-Lignite Interval

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

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

2.3.1.8 I-Lignite Interval

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

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

2.3.2 Sentinel Butte Formation—Little
Missouri Badlands Qutcrop Area

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

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

Several units served as marker beds
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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 possible. The
criteria for definition OF interpreted
environmental units is given in the
explanation for plate 4. Solid contacts
between these units implies confidence in
the position of the boundary; lack of a
contact or a dashed contact implies less
confidence in the position of the boundary.

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

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

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

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

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

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

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

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

2.4 Relation of Geology
to Projected Activities

2.4.1 Possible Geologic Hazards

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

2.4.1.1 Surface Subsidence

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




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

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

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

solutions.

2.4.1.2 Landsliding

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

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

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

safety.
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2.4.1.3 Erosion

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

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

2.4.2 Reclamation

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

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

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

%roundwater-ﬂow systems appear to retain’
0

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

3.0 SUBSURFACE HYDROLOGICAL
AND GEOCHEMICAL SYSTEMS

3.1 General Conditions

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

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

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

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

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



below 400 feet.

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

interbeds in the valley fill.
3.2 Methods of Investigation

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

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

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

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

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

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

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

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

K (Pum Test)b

Single-Well K (Single-Well

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

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

response test.

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

3.3 Hydraulic Conductivity Measurements

3.3.1 Lignite

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

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

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

On the basis of data both from the
pump testing (fig. 3.3.1-1) and single-well
response testing (fig. 3.3.1-2), there appears
to be an inverse relationship between depth
and hydraulic conductivity. Although only
three pump-test values are available, they
strongly suggest that the log of the
hydraulic conductivity of lignite decreases
by 2.47 per 100 feet of depth. This is a
decrease in hydraulic conductivity of
nearly 2.5 orders of magnitude every 100
feet. The coefficient of determination, r2,
which expresses the degree to which a set
of observations fits the calculated
regression line, has a value of 0.996. This
coefficient varies from 0 for no fit to 1.0
for a perfect fit. Although the slope of the
regression line that describes the relation is
steeper and the fit of the 78 data points
not nearly so tight (r2=0.263), the data for
the single-well recovery tests (fig. 3.3.1-2)
also strongly suggest a depth control on
hydraulic conductivity. The log of the
hydraulic conductivity decreases by 0.37
per 100 feet. This is a decrease of 1 order
of magnitude every 300 feet of depth.

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

3.3.2 Sand Aquifers in the
Sentinel Butte Formation

The hydraulic conductivity of sand
beds in the Sentinel Butte and Bullion
Creek Formations was estimated with 24
single-well response tests, 1 pump test, and
3 permeameter tests. The hydraulic
conductivity of sand beds ranges from
abour 2 x 102 to 5 x 106 cm/sec with
most values falling in the range from about
2 x 10°3 to 2 x 105 cm/sec. There seems
to be a decrease in hydraulic conductivity
with depth, although this trend is weaker
than for the lignite aquifers. The one pump
test value from the E-interval is above the
mean of the single-well response-test values
for sand in the same interval. The
permeameter-test values are all low.

3.3.3 Confining Beds in the
Sentinel Butte Formation

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

3.4 Porosity

Porosity is defined as the ratio of the
volume of the voids to the total sample
volume. There are in general two types of
effective porosities that can occur in
geologic materials: (1) intergranular
porosity, and (2) fracture porosity.

Intergranular porosity is a measure of the
volume of the voids that occur between the

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

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

eds in the Sentinel Butte Formation.

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

3.5 Aquifers and Aquitards

3.5.1 Coleharbor Formation

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



conductivity is higher.

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

The distribution of thick deposits of
Coleharbor Formation that contain aquifer
material is shown in figure 3.5.1-1. In most
of the area, the distribution of these
materials is clearly limited by conspicuous
surface valleys. However, in an area
immediately southeast of Dunn Center, in
secs 3 and 4 of T144N, R94W, sec 31 of
T145N, R93W, and sec 36 of T145N,
R94W, the location of the deep valley
poses a problem. We traced a narrow, deep
valley from the southeast, through secs 12,
1, and 2 of T144N, R94W (fig. 3.5.1-1),
but lost it in sec 3. The deep valley
continues north or west by three possible
routes. One meanders north out of section
3 into section 31; the second trends more
or less straight northwest from section 3
into section 36 and then on toward Dunn
Center; the third trends southwestward
from section 3 into section 4. The first
route is a narrow meandering valley with
dissected margins that is currently occupied
by the ephemeral stream that drains the
large flat area in secs 1, 2, 11, and 12 of
T144N, R94W. The second and third
possible routes are low sags in the
topography that are floored by sand. No
drainage presently occupies these sags. The
test drilling that would have indicated the
location of the extension of the valley was
precluded bY problems of access to the
appropriate locations. For several reasons
we believe that the valley extends
northward from section 3 into section 31
through the narrow dissected valley. The
meander geometry of the val.ﬁ;y is
consistent with the pattern of this outlet
and its extension across the valley of Spring
Creek. On the other hand, the
northwestern route is very straight; the
southwestward route through section 4 is
not ruled out on this basis. The steep
gradient of the potentiometric surface in
the Coleharbor Formation (fig. 3.5.1-2)
through the possible southwestern route
suggests that only fine-grained material is
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present in the sag, which is inconsistent
with the nature of the valley fill. The
northern route is also favored by the buried
valley that enters the Spring Creek valle
immediately east of Dunn Center, whicﬁ
can best be continued as the northward
extension of the same valley.

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

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

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

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

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

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

3.5.2 Overburden Aquifer-Aquitard System

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

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

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

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

The A-interval and lignite are
saturated and provide water to wells
throughout the project area. The hydraulic
conductivity of sand in the A-interval was
determined at three sites using the
single-well response test method. The
values ranged ffr)om 1.76 x 104 cm/sec to
1.19 x 102 cm/sec (fig. 3.5.1-2). The
hydraulic conductivity of the A-lignite was
determined at ten sites using the single-well
response test method and by four
observation wells at the site of a single
long-term pumping test conducted by the
North Dakota State Water Commission
(Moran and others, 1976, app. C-VIII). The
values from the single-well response test
ranged from 1.09 x 104 cm/sec to 1.82 x
10-2 cm/sec with a mean of 9.98 x 10-3
cm/sec (fig. 3.5.2-1). The values from the
pump test ranged from 5.79 x 10-1 to 6.25
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Figure 3.5.1-8 Frequency distribution of hydraulic conductivity data for non-lignite aquifers in the Dunn Center area. The
logarithmic mean X and standard deviations, s, are shown for each unit; +1s and —1s refer to values one
standard deviation above and below the mean. Values determined by pump test are shown by 0; values
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Figure 3.5.2-1 Frequency distribution of hydraulic conductivity data for lignite aquifers in the Dunn Center area.
Logarithmic mean X, and standard deviation, s, shown for each unit; +18 and —1s indicates values one
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x 10°! cm/sec (fig. 3.5.2-1).

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

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

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

ARgaw 1 33w

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

3.5.3 Dunn Center Bed
The Dunn Center bed is an aquifer

HEBWJ [caw HSEWlHD'IW

TacsM .

AR
TN

waeanen
. ‘ A 4 PV
PLT care*
L4

o ¥ 2 3
E MILES
o1 QR 3

] KILOMETEAS

NO 220

|

A3 W Tauaw

ngaw [Raaw

aaaw fReew

Figure 3.5.2-2 Map of the distribution of values of hydraulic conductivity, in em/sec (x10%), in the A-lignite, in the Dunn

Center area.




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

3.5.4 Lower Part of Sentinel
Butte Formation

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

The principal aquifers in the lower

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

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

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

3.5.5 Bullion Creek Formation—Upper Part

No wells are completed in this interval
in the project area, and very little is known
of its Eydrol<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>