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FOREWORD

This report was prepared by the North Dakota Geological Survey,
Grand Forks, North Dakota under United States Bureau of Mines (USBM)
Contract number J0275010. The contract was initiated under the Advanced
Mining Technology Program, subsequently the Minerals Environmental
Technology Program. It was administered under the technical direction of
Denver Mining Research Center with Michael J. Bailey, W. W. Watts, Jr.,
and Tim Hackett acting as Technical Project Officers. Darlene Wilson
was the contract administrator for the Bureau of Mines. This report is a
summary of the work recently completed as a part of this contract during

the period October 1, 1979 to June, 1982. This report was submitted by
the authors on July 2, 1982.

iil




CONTENTS

Page
FOREWORD . . . . . . . .. . il
ILLUSTRATIONS . . . . . . o o o e e e e e e e e e e e viii
ACKNOWLEDGMENTS . . . . . . . . . . . . . o o v oo .o.oxi
ABSTRACT . . . . . . . o o o e e e e . xil
EXECUTIVE SUMMARY . « = « o o 5 5 5 5 & o 5 = 66 5 s » & o & o & Xiii
INTRODUCTION . . . . . . o o o 0 o e e e e e e e e e s e 1
History and Perspectlve ............... e |
ObJECtIVEE & & « & ¢ 6 5 4 & 2 v 4 o hh e e e E e we s . .2
Conceptual Hydrogeochemical Model . . . . . . . . . . . . . .. 2
Key Processes . . . . . . . . . . . . . . ... .
Need for Refinement . . . . . . . s 3 3 B & 3 B E & & & E 31
Total Landscape Perspective . . . . . . f e A om kom E e ke 32
Study Sites . . . . . . . . .. ... e e e e e e 33
Overview . . . . . . . L L e e e 33
Location . . . . . . . . . . . . ... P S 33
Geology . . . . . . . e e e e e e e e ... 36
Geohydrology . . . . . . . . . . . . Lo 38
Climate, Topography, and Physmgraphy C e e e e e . 38
METHODOLOGY . . . . . . . . . . . . v v v v o .. Coe 40
Overburden Samphng e e e e e e e ... 40
Philosophy of Samphng e e e e e e e e e e e e 40
Techniques . . . S B E & ow B D om omomm s mom . 40
Locations . . . . . . . . . . . . ... - Y |
Textural Analysis . . . . . . . . .. . ..o 42
North Dakota State Umver31ty (NDSUY . . « « « « = 42
University of North Dakota (UND) . . . . . . . . . 43
Mineralogical Analyses . . . . . . . . . .. R 44
Previous Work . . . . . . . . . . .. O 7 |
Bulk Mineralogy . . . . . . . . . . . . ... 44
Clay Mineralogy . . . . . . . . . .. e e e e e e e 48
Sulfide Mineralogy . . . . . . . . . . . . . . . ... .. 50
Sulfur Analyses . . . . . . . . . . . . .. .. : 51
Saturated-Paste Extract Data . . . . . . . . . . . . -
Subsurface Water Instrumentation . . . . . . . . . . . . . . .. 54
Plezometers . . . . . . . . . . . .. ..o 54
Pressure-Vacuum Lysimeters (Soil Water Samplers) . . . . . 69
Groundwater Sampling Procedure . . . . . . . . . . . . .. .. 78
Groundwater Analyses . . . . . . . . . .. .. ... Co. 79
Major/Trace . . . . . . . . . . . ... s 2« 19
O-H Isotopes . . . . . . . . . v o v 80
Laboratory Weathering Experlments : o ke w e e . . . 80
Choice of Technique . . . . . . . . . . .. C e e e e e 80
Exhaustive Leaching . . e e e e e e e e e 81
Accelerated Weathering Experlments ............ . 81
Pan Experiments . . . . . . . . . v B B x m W M s W@ E & 81




Acid/Base Neutralization of Overburden Samples . . . . . . 82
Flooding Experiments . . . . . . . . . . . . . . .. ... ... 82
Background . . . . . . .. ..o oL .. 82
Site Descriptions . . . . . . . . . . .. ..o 83
Methods . . . . . . . . . . ... .. 83
RESULTS . . . . . . . .. I T N I T T T T .. . . 84
Textural Analyses . . . . . . . . . . o .o <
Mineralogical Analyses . . . . . P 92
Bulk Mineralogy . . . . . . . . . .. e e e e e o 92
Clay Mineralogy . . . . . . . . . . . . . .. A |
Pyrite Studies . . . . . . C S w ke amom o now o OB
Sulfur Analyses . . . . . . . . . . . ..o ... . 98
Saturated-Paste Extract Analyses ......... N A
Subsurface Water Flow and Occurrence . . . . . . . . . . . . . 108
General « s 5 ¢ s om oW 5 s ® & 8 kR e b B o d e & W A 5 . 108
Saturation of Spoils . . . . . . . . ..o Lo L 110
Hydraulic Conductivity of Spoils . . . . . . . . . . . . .. 111
Recharge in Spoils . . . . . . . . .. .. e e e . 111
Stable Isotopes . . . . . . . . . . . . .. R A |
Flooding Experiments . . . . . . . . . . . . . . . .. . 115
Subsurface Water Chemical Characteristics . . . . . . . . . . . 122
Groundwater . . < o 5 ¢ ¢ o® @ 5 b o® 4 5 owo® 5 5 s P
Pore Water . . . . . . . . . . .. A e 126
Laboratory Experiments . . . . . e e e e .. 126
Exhaustive Leaching Experunents 5 % ® § B ® B .. . .. . 126
Accelerated Weathering Experiments . . . . . . . . . . v s o« 128
Pan Experiments . . . . . . . . . . . . . . . . ... .. 129
Acid/Base Neutralization of Overburden Samples P /A*
DISCUSSIONS AND CONCLUSIONS . . . . . . . . . . . . . .. « » 133
Key Geochemical Processes Accounting for Observed
Water Characteristics in Undisturbed Settings . . . . . . . . . 133
Significance of Wetting/Drying Mechanism . . . .. . . . 133
Sources of Calcium, Sodium, and Biocarbonate lons . . . .. 134
Possible Sources of Sulfate . . . . . . . . .. . 134
Available Sulfate/Sulfide in the Near- Surface Landscape
Relative to Concentrations Found in Groundwater . . . . . 135
Possible Mechanisms for Generating Sulfate/Sulfide . . . . . 137
Validity and Applicability of the Hydrogeochemical Mode! to
Spoils Settings . . . . . . . . . . . . 138
Material Redistribution and Increased Ava11ab1hty of
OxXygen . . . . . . . .0 e e e e A ow B W 138
Subsurface Water Flow and Occurrence in Spoﬂs - e« - -« 138
Subsurface Water Characteristics in Spoils Versus
Undisturbed Settings . . . . . . . . 140
Short-Term and Long-Term Implications of Surface Mmmg with
Respect to Water Quality . . . . . . . . . . . . . . .. ... 141
Impacts on Groundwater . . . . . . . . . . . . . . .. .. 14
Impacts on Pore Water and the Near- Surface ‘Environment . . 143
Impacts on Surface Water . . . . . . . . . . . .. ... . 144
Summary of Conclusions . . . . . . . . . . .. .o 145
REFERENCES . . . . . . . . . . . . . e e .. . . . . . l48




Page

APPENDICES

Appendix A: Descriptive Logs of Overburden Sampling Test

Holes at the Four North Dakota Study Sites . . A-1
Appendix B: Bulk Mineralogical Data for Overburden from

the North Dakota Sampling Sites . . . . B-1
Appendix C: Saturated Paste Extract Data from Sp01ls Areas

at the Center and Indian Head Mines . . . . . . C-1
Appendix D: Groundwater Analyses from Piezometers in

Disturbed (Spoils) and Undisturbed Settings at

the Center and Indian Head Mines . . . D-1
Appendix E: Analyses of Extracts from Exhaustive Leachlng

Experiments . . . E-1
Appendix F: Results of Accelerated Weathermg Experlments . F-1
Appendix G: Results of Leaching Under Mild Conditions (Pan

Experiments) . . . . . - .. G-1




ILLUSTRATIONS

Figure Page
1. Schematic diagram of chemical processes and salt

movement in much of the plains region . . . . . . . . . ... . 4
2. pH and SO42- concentrations in water as a result of

PYPIE & « o o w ¢« s 5 = 5 © 5 5 8 % &« % & ® s = 8 5 s w & %« = 9
3. Relations between pH, HCOS', and Ca®' in water at

equilibrium, with respect to calcite with specified Ca‘2+

concentrations . . . . . . . . . .0 L0 0 e e e e e e e e s 12
4. Relations between pH, PCOg' HCOa_, and %iz“f for open-

system dissolution of calcite at specified Ca” wvalues . . . . . . 14

5. Relations between initial pH, final pH, and HCO3 for

2+

calcite dissolution to equilibrium with Ca“® at specified

Ca2+contents.......................17

2* and SO 42- under conditions of

6. Relations between Ca

gypsum saturation at 10°C . . . . . . . . . . . . . . .. ... 19
7. Relations between major geochemical processes and

water chemistry resulting from infiltration that does not

pass below the root zone . . . . . . . . . . . .. ... .. .. 25
8. Relations between major geochemical processes and

water chemistry resulting from infiltration that does not

pass below the root zone . . . . . . . . . . ... ... .. .. 29
9. Relations between major geochemical processes and

water chemisiry resulting from infiltration that penetrates

below the root zone . . . . . . . . . . . . ... ... .... 3

10. Location of hydrogeologic study sites in western North

Dakota . . . . . . . . . . . . . . . ... ..., 34
11. Location of the four western North Dakota sites used
inthisstudy . . . . . . . . . . . . .. .. . ... ... 35

12. Location of piezometers in undisturbed settings and
location of Montana State University (MSU) and U.S.
Bureau of Mines (USBM) spoils test plots at the Indian

Head Mine . « . ¢ o 5 « « = & & s & & & 5 % & 5 % & & 5 % % & & OO
13. Location of piezometers in MSU spoils test plot at the
Indian Head Mine . . . . . . . . . . . . . . . « . « . <. . .. 56




14.

15.

16.

17.

18.

19.

20.

21

22,

23.

24.

25.

26,

27,

28.

29

30.

Location of piezometers in USBM spoils test plot at
the Indian Head Mine . .

Location of piezometers in undisturbed areas near the
Center Mine

Location of piezometers in spoils areas at the Center
Mine
SEM photomicrograph of pyrite from the sand fraction
of Consol 31
SEM photomicrograph of pyrite from the sand fraction
of Indian Head X-2 .
SEM photomicrograph of pyrite from the sand fraction
of Falkirk 526
SEM photomicrograph of gypsum on pyrite from the
sand fraction of Falkirk 576 C e

SEM photomicrograph of marcasite from the sand
fraction of Center 361

Hydrostratigraphic cross section of the Center Mine
area, near North Dakota

Deuterium and oxygen-~18 correlation (meteoric water
line) in precipitation and surface waters

Soil moisture profiles below the flooded area at

Site 15 before, during, and after flooding

Soil moisture profiles below the flooded area at

Site 70 before, during, and after flooding

Soil moisture profiles below the flooded area at

Site 74 before, during, and after flooding

Soil moisture profiles below the flooded area at

Site 79 before, during, and after flooding
Photograph of pan experiments

Photograph of typical pan experiment showing
accumulation of sulfate salts on the top of the

mound of sediment
Photograph of solutions generated by mild leaching
of overburden sediments used in pan experiments .

ix

57

58

59

. 101

. 102

. 103

. 104

. . 105

. 109

. 116

. 117

. 118

v A48

. 120

. 130

. 130

« 131




Tables

1.

11.
12.

13.
14.
15.

16.

17.

Overburden Shelby tube samples utilized in this
study indicating textural, bulk analyses, clay
mineralogical analyses, laboratory experimentation,
and sulfur analyses performed on each sample

. X-ray reflections used in mineral analyses
. Samples used for sulfur analyses ..
. Strat1graph1c position of screened 1nterval of

piezometers in undisturbed and spoils areas at the
Center Mine

. Stratlgraphlc p031t10n of screened 1nterval of

piezometers in undisturbed and spoils areas at the
Indian Head Mine

. Depth of pressure-vacuum lysnrneters 1nstalled in

undisturbed settings and spoils at the Center and Indian
Head Mines

. Texture analyses determlned at the North Dakota Slate

University (NDSU) Soils Department

. Texture Analyses determined at the Umver51ty of

North Dakota (UND)

. Comparison of texture analyses on Falkirk 576 spec1mens
. Relative proportions of clay minerals in 123 Shelby tube

samples determined by X-ray diffraction
Pyrite occurrences in sand fraction .

Results of sulfur analyses of selected overburden samples '

from the four North Dakota study sites . )
Hydraulic conductivity data for the base of sp01ls at
the Center and Indian Head Mines ;

Stable isotope data for selected plezometers at the
Center Mine .. .
Summary of groundwater chemlcal data from

various stratigraphic positions at the Center and
Indian Head Mines . .

Summary of chemical analyses of water collected from
pressure-vacuum lysimeters at the Center and Indian
Head Mines

Results of ac1d/base neutrahzatlon experlments

Page

45
47
52

70

75

77
85
88

95
g8

. 106
. 112
. 114

. 124

. 127
. 132




ACKNOWLEDGMENTS

The authors would like to express their appreciation to Baukol-Noonan
Inc., The North American Coal Corporation, and Consolidation Coal
Company for so generously allowing access to their properties. We would
also like to thank Constance Triplett for her considerable efforts in the
preparation of this report. This research was supported by U.S. Bureau
of Mines Contract J0275010 and, in part, by U.S. Environmental Protection
Agency Grants R-803727 and R-805939, and Department of Energy Contract
No. AB18-80FC10120.

X1




ABSTRACT

Previous studies of several surface coal-mining sites in western North
Dakota have resulted in the development of a hydrogeochemical model which
accounts for the observed chemical characteristics of subsurface water in
undisturbed settings. Critical hydrogeochemical processes include sulfide
oxidation, gypsum precipitation and dissolution, carbonate mineral dissolu-
tion and cation exchange. In western North Dakota the near-surface
several metres of the landscape is constantly subjected to alternate
wetting-drying which is a key mechanism in hydrogeochemical evolution.

The major purposes of this study were to refine the hydrogeochemical
model, Wwith particular emphasis on the sulfur cycle, and to determine the
applicability of the model to postmining (spoils) landscapes. Field activities
of the project included detailed groundwater instrumentation of undisturbed
and spoils areas at two geologically distinctive mine sites in western North
Dakota. Refinement of the model included detailed analyses of the texture,
bulk mineralogy, clay mineralogy, sulfide abundance, and sulfur concentra-
tions in overburden core samples. Laboratory experiments were designed to
determine the source and mechanisms of sulfate salt production from over-
burden samples.

From the study we conclude that the hydrogeochemical mcdel is
equally applicable to undisturbed and spoils landscapes and that the major
species of concern in this region are sodium and sulfate. We also conclude
that the major source of sulfate is sulfides in the overburden and that the
solubility of sulfate in groundwater in these settings is largely controlled
by the sodium/calcium ratio. Although sufficient sulfides are present in the
overburden to account for the observable sulfate concentrations in ground-
water, much of the sulfate presently found in overburden sediments in
these settings probably arose from sulfides in near-surface sediments that
have been slowly eroding through time, resulting in a constantly replen-
ished sulfate source.

We conclude that negative hydrogeochemical impacts resulting from
surface mining in the Northern Great Plains will include increased mineral-
ization of groundwater, sodic and salt effects on plants and increased
mineralization of surface waters. The degree of these impacts will be
dependent upon site specific hydrogeologic, geochemical, and mineralogical
variables.

xii




EXECUTIVE SUMMARY

Surface coal mining in the Northern Great Plains has generated con-
cern and considerable debate regarding impacts on subsurface water.
Hydrogeochemical studies have been ongoing since 1974 at several active
and proposed surface coal-mining sites in western North Dakota. These
studies have resulted in the development of a conceptual hydrogeochemical
model which accounts for observed subsurface water chemical characteris-
tics and chemical evolution in undisturbed settings.

In the semi-arid climate of western North Dakota, the near-surface
several metres of the landscape is constantly subjected to alternate wetting-
drying. This mechanism is the key to hydrogeochemical evolution in this
region. Qualitatively the hydrogeochemical model assumes that oxygen,
along with other atmospheric gases, are brought into the solum along with
water during precipitation events. The oxygen initiates the oxidation of
reduced carbon and sulfur materials in the solum. The products of these
2', CO,, and H'. The H' production allows the
dissolution of calcite and dolomite, which produces Ca2+, Mg2+, and HCO3'
accompanied by a reduction in the concentration of the H' produced in the

oxidation reactions. If the water is now evaporated or transpired, the ions

oxidation reactions are SO4

are left behind in the upper few metres of the landscape as calcium and/or
magnesium sulfates and bicarbonates. On the infrequent occasion that suffi-
cient water is present to carry the ions below the root zone, infiltration
leading to recharge of groundwater, some of the divalent ions exchange on
the sodium-montmorillonitic clays which predominate throughout the area
releasing Na'. This combination of processes is sufficient to account for
the alkaline, sodium sulfate groundwaters common in the Northern Great
Plains.

The major purposes of this study were to refine the hydrogeochemical
model and to determine the applicability of the model to spoils settings.
Specific attention was directed toward clarification of the suifur cycle.

This study included both field and laboratory experimentation. Field
activities involved detailed instrumentation of undisturbed and spoils set-
tings at two mines. Instrumentation, consisting of piezometers and
pressure-vacuum lysimeters, was designed to evaluate subsurface water
quality in both the unsaturated and saturated portions of the field study
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areas. Laboratory activities included detailed analyses of overburden core
samples representative of all the types of overburden sediments present in
western North Dakota. These analyses included texture, bulk mineralogy,
clay mineralogy, and determination of sulfide and sulfur concentrations.
Laboratory experiments focused on the source and mechanisms of sulfate
salt production from overburden samples. Laboratory experiments included
exhaustive leaching, accelerated weathering, pan experiments, anc acid/
base neutralization experiments.

From this study we have concluded that two sources of sulfate exist
which may supply sulfate to the groundwater via recharge from the surface.
These are presently existing soluble sulfate salts such as gypsum and
reduced sulfur. Previous work suggested that presently available soluble
sulfate salts derive ultimately from the oxidation of reduced salfur. This
study has found no evidence to the contrary.

Limited extractable sulfate exists throughout the overburden at all the
study sites. The data from leaching and weathering experiments indicate
that the sulfate is either in a readily extractable form, or is readily con-
verted to such a form.

The fact that the amount of sulfate is finite suggests that the avail-
able sulfur may not be adequate to account for the high sulfate concentra-
tions found in native groundwater in these settings. From this study we
have concluded that in these settings reduced sulfur exceeds oxidized
sulfur by factors of two to ten. This seems an inadequate excess if a
static landscape were assumed. However, the landscape is not static; slow
erosion is occurring which is continually exposing reduced sediments to
air. Thus, a constantly replenished reservoir of reduced sulfur is available
as a source for sulfate in the groundwater.

From this study we have concluded that the processes and mechanisms
described in the hydrogeochemical model are equally applicable to undis-
turbed and spoils settings. Disruption of the landscape by surface mining
typically results in changes which are particularly significant with respect
to hydrogeochemical impacts. These changes include redistribution of the
overburden materials and increased availability of oxygen in the spoils
relative to premining conditions.

Redistribution of overburden sediments potentially results in signifi-
cant changes in the chemical reactivity of the landscape. Emplacement of
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unoxidized sediments in the oxidizing near-surface environment increases
the potential for sulfide oxidation, sulfate dissolution/precipitation, and
cation exchange on clays. Air, and thus oxygen, entrapped in spoils
during mining will promote oxidation of sulfides present in the unsaturated
portion of the spoils. This can result in the generation of highly mineral-
ized pore water and groundwater.

Mineralization of subsurface water in spoils in this region is typically
two to three times as great as premining conditions. Species of particular
concern in subsurface water in spoils are sodium and sulfate. Although
available sulfides in overburden in the Northern Great Plains are sufficient
to cause acid conditions, it was found that the natural buffering capacity
of the overburden in this region will eliminate, except in occasional highly
localized settings, acid drainage to water courses and groundwater.

The generation of highly mineralized subsurface water in spoils not
only impacts groundwater quality but also has the potential to cause sodic
and salt effects on plants. In addition, the generation of highly mineral-
ized water in spoils has the potential to significantly impact surface-water
bodies which are discharge points for local flow systems. Of particular
concern in western North Dakota are closed depressions (sloughs) which
are common in certain mining areas.

The degree of short-term impacts of surface mining on subsurface
water quality in this region has been clearly documented by this study.
Long-term trends are more difficult to evaluate. Without selective handling
of highly reactive overburden, the key factor determining long-term im-
pacts will be the degree of vertical infiltration (recharge) through the
spoils. If recharge is essentially eliminated, soluble salts present in the
base of the spoils will likely cause an initial flush of groundwater high in
sodium and sulfate due to lateral inflow and flushing in the base of the
spoils. This, however, will result in a short-term peak in the generation
of highly mineralized groundwater in the base of the spoils. Under such
conditions, sodium and salt effects on plants could be a severe and long-
term problem. If, as is required by present laws, recharge in the spoils is
similar to that of the premining landscape and selective handling of chemi-
cally reactive overburden is not considered, then the generation of highly
mineralized subsurface water in spoils due to vertical infiltration and the
generation and flushing of salts from the upper portions of the spoils can
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be anticipated. Under these conditions, the generation of highly mineralized
subsurface water in spoils will likely continue for a considerable period of
time and will have a potentially severe impact on both plant growth and
groundwater and surface water quality.

Thus, long-term plant growth success and groundwater and surface
water quality in postmining settings in western North Dakota is dependent
largely upon site specific geologic and geochemical characteristics of the
original overburden, how those materials are redistributed by mining, and
the groundwater recharge characteristics of the postmining landscape.
Particularly critical is the chemical characteristics of the spoils which are
emplaced immediately below the soil zone. Thus, the simple replacement of
topsoil and subsoil materials without regard for the physical and chemical
characteristics of materials below the soil zone is, at best, a temporary
and elementary approach to reclamation and only by chance can such an
approach result in long-term success with respect to groundwater and
surface water quality and plant growth. Without selective replacement of
overburden, minimizing recharge in spoils would appear to be the cptimum
method for minimizing impacts on groundwater. This approach, however,
would likely maximize salt and sodic effects on plant growth.
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INTRODUCTION
History and Perspective

Surface coal mining in the states of North Dakota, Wyoming, and
Montana and the Canadian provinces of Alberta and Saskatchewan has
increased significantly in recent years. These activities have generated
concern and considerable debate regarding the impact of surface coal
mining on the quality of subsurface water both in the rooting zone and
below the water table. The majority of active and proposed mining areas in
this region is in agricultural lands. Throughout many of these coal mining
areas groundwater from shallow wells (less than 100 m in depth) constitutes
the major water source for domestic and stock purposes, and, occasionally,
for municipal supplies. Throughout this region, fractured coals are a major
source of shallow groundwater. Thus, the long-term quality of subsurface
water in postmining settings is of particular concern.

Hydrogeochemical research activities at several proposed and active
mining sites in western North Dakota have allowed the development of a
conceptual model for the chemical evolution of groundwater in undisturbed
landscapes (Moran et al., 1978; Groenewold et al., 1979, 1981). This
model, which is summarized in a later section of this report, focuses on
several key geochemical processes which are responsible for groundwater
chemical characteristics in these settings. Critical variables in this model
are gross textural and mineralogical characteristics of the near-surface
materials of the landscape. The same geochemical processes which are
operating in undisturbed landscapes are also operating in disturbed (post-
mining) landscapes. Thus, evaluation of the long-term effects of surface
coal mining upon groundwater quality requires verification and refinement
of the geochemical model in disturbed landscapes and determination of
critical geochemical conditions or wvariables which are related to surface
coal-mining activities.

The concepts presented in this report are largely the result of re-
search at sites in western North Dakota. However, because of regional
geologic, climatic, and mineralogical similarities, it is felt that these con-
cepts have wide applications to groundwater quality concerns associated




with surface coal mining throughout the arid to semiarid regions of western
North America.

Objectives

Previous work in disturbed landscapes has largely been restricted to a
limited amount of chemical characterization of spoil waters. Considerable
textural Yand mineralogical variability exists in the overburden at various
mines. Thus, a wide range of groundwater chemistries can be anticipated
in the wvarious postmining landscapes. Verification and refinement of the
geochemical model and application to disturbed landscapes requires detailed
characterization of water quality and mineralogy in various disturbed and
undisturbed settings and an evaluation of the significance of key mineral-
ogical variables and chemical reactions to groundwater quality. Specific
objectives of this study are:

1. To characterize the quality of groundwater in geologically and

geochemically distinct postmining landscapes.

2. To determine the mineralogy of the material matrix through which
groundwater flows in those landscapes.

3. To relate this mineralogy to the chemistry of the groundwater in
those landscapes.

4. To define the minerals and chemical reactions that control the
chemical evolution of groundwater in postmining landscapes and
thereby gain the capability to design postmining landscapes in
which groundwater quality can be predicted and guaranteed.

Conceptual Hydrogeochemical Model

The conceptual model which has been developed to account for the
observed chemical characteristics of subsurface water in western North
Dakota has been discussed in several recent publications (Moran et al.,
1978; Groenewold et al., 1979; Groenewold, Rehm, and Cherry, 1981;
Groenewold et al., 1981). The following discussion is summarized from
those publications.




Key Processes

The ultimate objective in the development of an interpretive hydro-
geochemical framework is to provide a basis for prediction of the chemistry
of subsurface water that will develop in reclaimed mine land. The most
desirable path would be to develop a framework and then test (or verify)
it by comparison of predictions based on its use with data from actual field
situations. We have proceeded with the reasonable assumption that an
interpretive framework that adequately accounts for the observed water
chemistry in the natural overburden will have some applicability in the
analysis of salt generation and accumulation in reclaimed land. The frame-
work used in this report follows closely that originally proposed by Moran
et al., 1978.

For the interpretive hydrogeochemical framework to be wvalid, it must
account for the predominant ions in the subsurface water and the pH of
the water. More specifically, it must account for the fact that most ground-
water in the study areas is characterized by dominant concentrations of
Na+, HCO3', and SO42_. It must also account for the less widespread but
significant number of groundwater 2zones that have Ca2+ or Mg2+ as the
dominant cations, with HCOS' and SO42- as the dominant anions. The model
also must explain the variation in total dissolved solids of the groundwater,
the general absence of dissolved oxygen at detectable concentrations, the
general lack of detectable HZS' the generally low concentrations of Cl° and
K+, and the partial pressure of dissolved carbon dioxide in the water.
Development of a hydrogeochemical model that will accomplish these tasks
requires the use of constraints or boundary conditions that are based on
geologic, hydrologic, and geochemical factors. It must also account for the
changes in water chemistry that occur as the water moves from the ground
surface, where it originates as rain or snowmelt, through the solum and
the underlying unsaturated 2zone into the groundwater zone, where it
moves towards its eventual zone of exfiltration (discharge).

Figure 1 is a schematic indication of the geochemical processes that we
consider to be most important in the chemical evolution of subsurface water
in western North Dakota. Most rainfall or snowmelt events cause infiltration
of water below ground surface but not to depths below the root zone.
Acidity is produced by Co, produced from oxidation of organic materials
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Figure 1. Schematic diagram of chemical processes and salt movement in much of the plains region (from Moran et al., 1978).




and pyrite oxidation. Evaporation and transpiration cause concentration of
salts in the soil water and, as a consequence, caicite and gypsum precipi-
tate in or near the root zone. In this manner, gypsum and possibly other
soluble salts are generated above the water table in geologic materials near
the land surface that initially, at the time of deglaciation, were probably
devoid of gypsum. Exceptional rainfall or snowmelt events can cause infil-
tration below the root zone and, as a result, can produce groundwater
recharge. When this occurs, 002 production, pyrite oxidation, calcite (and
in some areas dolomite) dissolution, gypsum dissolution, and cation ex-
change are the processes that control the chemical evolution of the infil-
tration water. It is this water, which acquires its characteristic chemical
features in the root zone, that supplies the groundwater zone. The indi-
vidual! components of the geochemical framework summarized in figure 1 are
described in detail below.

The {first major step in the chemical evolution of subsurface water
occurs when rain or snowmelt infiltrates into the organic-rich horizons of
the solum. In this zone, the water acquires hydrogen ions (H+). These
ions are supplied from a variety of sources. In western North Dakota, the
two main sources occur as a result of (1) C02 production during bio-
chemical decay of organic matter in the soil zone and (2) oxidation of iron
sulfide (Fe82 as pyrite or marcasite). Organic-matter oxidation is believed
to be the dominant H' source in most subsurface hydrogeochemical systems.
Oxidation of iron sulfide is rarely considered to be an important source.
However, in western North Dakota, and, therefore, presumably in the
entire Fort Union region, this H' source plays a key role in the geochem-
ical evolution of soil water and groundwater. As will be shown in a later
section, iron sulfide minerals are finely but widely dispersed throughout
the landscape.

Numerous studies have shown that the partial pressure of CO2 (PC02)
in the organic-rich horizons of solum is typically much above the P
-3.5

CO2 in
atmospheres. The
PCOz in soil horizons in the study area has not been measured. The

the earth's atmosphere, which is approximately 10

occurrence of elevated CO2 pressures in solum is so well established that
there is no need for corroboration of its existence in these specific study
areas.




The partial ‘pressure of CO2 in soil water is important because dis-
solution of CO2 in water is a process that produces acidity. In this con-
text, the term acidity is used to refer to the hydrogen-ion concentration
(H+) in the water. Deionized water in contact with the earth's atmosphere

I .
(PCo2 = 10
this water is brought into contact with a gas phase with a higher PCOZ'
the pH will decrease to a lower equilibrium value. At a PC02 of lO'2 atm,

1

atm) will have an equilibrium pH of approximately 5.7. If

for example, the equilibrium pH is approximately 5.0. At a PCOZ of 10~
atm, it is 4.2.

Values of PC02 reported in the literature for solll?fn in a _Vilide variety
of terrain settings are typically in the range of 10 © to 10 = atm. The
values vary with depth in the soil profile. If rain and snowmelt infiltrate
into solum, its pH will drop to the range of about 5.5 to 4.2, providing
that reactions with mineral matter or organic matter in the solum do not
buffer the pH. In western North Dakota and in other regions where soil
cover is relatively continuous, it is reasonable to expect that the process
of C02 generation in the soil zone causes a significant production of acidity
in infiltrating water as it passes through the uppermost horizons of the
solum.

As the infiltrating water passes through the organic-rich scil horizons
into the mineral-rich horizons lower in the soil profile and below the solum,
it comes into contact with minerals, with which it reacts. The most impor-
tant types of reactions that occur are: oxidation of sulfide minerals, pre-
cipitation and dissolution of carbonate minerals, precipitation of gypsum,
and cation exchange. These four chemical processes exert a dominant con-
trol on the chemistry of subsurface water that infiltrates through the
solum. Although these processes probably occur simultaneously in many
subsurface zones, their nature and influence will be described separately
before considering the effect of simultaneous interactions.

The soil horizons below the uppermost organic-rich layer and the
parent geologic materials below the solum are composed of a wide variety of
mineralogical constituents. Of these, only a very small number exert a
significant influence on the development of a major-ion chemistry of water
that passes through the deposits. Foremost in this category of hydrogeo-
chemically significant mineralogical constituents are the carbonate minerals
(calcite and dolomite), gypsum, iron sulfide minerals (pyrite and marcasite),




and clay minerals. Minerals, such as quartz, micas, and other primary
alumino-silicate minerals, are relatively unimportant as geochemical controls
in the prairie environment of North America. Most of the overburden in
the Tertiary sediments of North Dakota contain significant amounts of one
or more of the hydrogeochemically significant mineral types listed above.
We will now examine how water can interact with these minerals in a variety
of hydrogeologic situations.

In addition to dissolved COZ' water that infiltrates into the soil zone
contains dissolved oxygen and other gases. Of these, dissolved oxygen
and carbon dioxide are the only ones that have geochemical significance.
Dissolved oxygen is important because it provides a strong capability for
oxidation of mineral matter and organic matter. Oxidation of organic matter
and root respiration is the mechanism by which CO2 is produced in the
soil zones. The main mineralogical constituents in the overburden of
western North Dakota that undergo significant oxidation are iron sulfide
minerals. Iron sulfide (Fesz) occurs as pyrite and marcasite. Henceforth,
in this discussion we will refer to iron sulfide simply as pyrite. The pro-
cess of pyrite oxidation is expressed by the following reaction:

4 FeSy+ 1505 + 14 HyO —=— 4 Fe (OH)z+ I6H*+ 850,

This relation indicates that reaction of oxygen, water, and pyrite
produces iron hydroxide, sulfate ions, and hydrogen ions. This reaction is
one of the strongest acid-producing reactions known to occur in natural
geological systems. It is the cause of the acid mine-drainage problem that
has been so environmentally damaging in the Appalachian Region of the
United States and in other mining regions of the world.

If water with dissolved oxygen moves into geologic materials that
contain pyrite, and if the water content is at 100 percent saturation (i.e.,
the pore spaces are filled with water and contain no free air), the dis-
solved oxygen would be sufficient to oxidize a maximum amount of pyrite
for production of 1.7 x 1074 moles/litre (16 mg/L) of 8042~ and 3.3 x 1072
moles/litre of H'. This concentration of H' represents a pH of approx-
imately 3.5. The water would therefore be quite acidic. This pH is lower
than the pH produced in water at the upper limit of the 002 partial pres-
sure range for soil air indicated above. The example of pyrite oxidation
calculated above represents a closed system with respect to dissolved
oxygen.




If dissolved oxygen is supplied to the water as pyrite dissolves, more
pyrite will be oxidized and as a result more SO 42_ and H' will enter the
water. For purpose of illustrative calculations, it will be assumed that both
atmospheric air and water containing 10 mg/L of dissolved oxygen enter a
porous geological material that contains pyrite. As pyrite is oxidized by
reaction with dissolved oxygen in the water, oxygen from the air in the
pore spaces will go into solution in the water as a result of the disequili-
brium between the concentrations of oxygen in the air and in the water
caused by the consumption of oxygen in the oxidation reaction. As part of
the consumed dissolved oxygen is replenished, the continuation of the
pyrite oxidation process produces increased concentrations of SO42_ and a
decline in pH. If the air in the pore space of the porous medium is not
replenished and if the reactions proceed to equilibrium, the equilibrium
SO42' and pH values will depend on the percent saturation of water in the
medium. This is illustrated in figure 2, which indicates that the pH can
decline to a minimum value near 2. The SO42_ concentration rises to about
450 mg/L. In this analysis, it has been assumed that the oxidation of FeS2
is the only mineral-water reaction that occurs in the system. The effects
of buffering reactions are considered in a later discussion.

Figure 2 represents the case in which the air in the porous geologic
material is not replenished. If air replenishment occurs, and if the pyrite
content remains significant, pyrite oxidation will continue. As a result, the

pH will continue to decline and the SO 2- concentration will continue to

increase. Extremely acidic, high 8042_4 water will therefore evolve. If
minerals are present that result in reactions that consume H+, the pH will
not decline as much as indicated in the above discussion. Dissolution of
calcite or dolomite have this effect on the aqueous system.

Another major geochemical process is carbonate mineral dissolution and
pH control. The carbonate minerals, calcite and dolomite, occur in most,
but not all, of the overburden materials in western North Dakota. These
minerals are moderately soluble in water. It is well established that when
water comes in contact with them, dissolution to saturation occurs within a
matter of hours or days, depending on the surface area of mineral-water
contact and providing that the water is not flowing rapidly in comparison
to the reaction rate (Rauch and White, 1977). The dissolution reaction for
calcite and dolomite can be expressed as follows:




8042‘ Concentration in Water (mg/L)
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300 T = l = |
0
The air-water system is assumed to be
250 + porosity = 0.3 closed with respect to air replenish-
ment. The amount of O, available for
oxidation of pyrite depends on the
percent saturation and porosity of
200 the porous medium.
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RESULTS OF REACTION 4FeSy+14H,0 = 4Fe(OH)3+16H'+85042

Figure 2. pH and 8042' concentrations in water as a result of pyrite (from Moran et al., 1978).




CaCoy + H* 2% (1)

CaMg(COz)o+ 2 HY === Ca®" + Mg®"+ 2HCO3" (2)

HCOz + Ca

It is apparent from these expressions that dissolution of these minerals
. - . . .
results in H consumption. In other words, some of the H' in solution

2- -

combines with CC)3 ions from the carbonate minerals to form HCO3 . As a

result of carbonate mineral dissolution, the pH and HCOB— concentration in
the water increase. The pH and HCO3_ concentration will rise until the
water is saturated, with respect to the carbonate minerals present. Satur-

ation will occur when the following equilibrium relations are attained:

[ce"] [Heos™]

[H*) = Kegcal = 10510 k=
ca2*| Mgt HCo |2
[co H[Hgﬂ]z{ 5] - Keqgo = 107614 (4)

where the square bracketed terms represent ionic activities and K

and Keq.dol
obtained from equations 1 and 2 using the law of mass action.

eq.cal
denote the equilibrium constants for calcite and dolomite

Ionic activities are the chemically effective solution concentrations. In
dilute solutions, they are approximately equal to the concentrations in
solutions determined by standard methods of chemical analysis (expressed
in molality). For a detailed discussion of the relations between activities
and concentrations, the reader is referred to Garrels and Christ (1965).
Saturation levels in the water are reached when the product of the brack-
eted terms on the left side of each of these equations equals the equili-
brium constants. When saturation is attained, further dissolution of calcite
and dolomite will not occur unless one or more of the bracketed constitu-
ents decrease in value. In other words, if Ca2+ is removed from sclution,
more calcite and dolomite will dissolve if this mineral exists in the system.
As will be described below, cation exchange is a major process by which
Ca2+
At 8°C, which is a temperature typical of much of the groundwater in the
ovzeriasurden in v»geslt:rn North Dakota, Keq.cal and Keq.dol
102- .

and 10~ , respectively. The equilibrium constants used here
and elsewhere in this report were obtained from Langmuir (1971).

removal occurs in many subsurface zones in western North Dakota.

have values of
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Dissolution of calcite and dolomite is the main mechanism by which
HCO3' is acquired by groundwater in most sedimentary regions. The

typical concentration range for HCO3 in groundwater in overburden or
rocks that contain calcite or dolomite is approximately 200 to 500 mg/L.
Groundwater in Tertiary deposits in western North Dakota, however,

commonly has HCO3 values in the range of 500 to 1,500 mg/L. The unusu-

ally high HCO3 concentration is one of the main distinguishing features of
this water.

It is evident that a high }-ICO3 concentration can be achieved if the

concentration of Ca2+ or Mg2+ is low and/or if the concentration of H' is

large. In the high HCO3_ water of western North Dakota, both of these

factors have an important influence. High HCO3 waters in this region

2+ 2+
and Mg

tions of Na'. This situation is a result of exchange reactions with clay

have relatively low concentrations of Ca and high concentra-
minerals. This topic is discussed in detail below. Our purpose here is to
consider the source and influence of H' on the origin of HCO3' in the
water.

If calcite and dolomite dissolve to equilibrium, and if the concentra-

tions of Ca2+ 2t

and Mg~ are fixed at specified values as a means of illus-
trating the effect of cation exchange, the equilibrium concentrations and
pH can be computed using equations 3 and 4. Results of these computa-
tiogs are shown graphically in figure 3. This graph indicates that for the
Ca *

Dakota (i.e., about 5 to 80 mg/L) equilibrium HCO3 values in the range

and Mg2+ values typical of high HCO3' groundwater in western North
of 500 to 1,500 mg/L can occur if the pH values are in the range of 7.8 to
6.3. When pH measurements are made in the field on samples collected by
piston pumping or bailing, this is the range in which the pH values typi-
cally occur (pH values obtained from samples collected by air lift pumping
are not suitable for use in geochemical studies because of the effect of
degassing during pumping; pH values obtained in this manner should be
disregarded in interpretation of the geochemical evolution of groundwater).

It was indicated above that the two potential sources of major H
concentrations are the oxidation of organic matter and the oxidation of
pyrite. The reason that acidic groundwater is not commonly observed in
western North Dakota is that dissolution of calcite and dolomite consumes
nearly all of the H generated by these two processes. Carbonate mineral
dissolution 1is normally considered in terms of two systems, open-system

1.1




The effect of activity coefficients
is neglected.

t =10C

S0

mg/L Calt

L 1
1000

3000
mg/L HCO3"

Figure 3. Relations b

Stween pH, HCO3", and Ca2t in water at equilibrium, with respect to calcite with
specified Ca%* concentrations (from Moran et al,, 1978).
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dissolution and closed-system dissolution. For calculation purposes, the
partial pressure of CO‘2 in air in contact with the agueous system is nor-
mally used as a control variable. Open-system dissolution occurs when the
partial pressure of CO2 in the gas phase (i.e., in the soil air) is main-
tained at a constant value as a result of contact of the water with a rela-
tively large volume of gaseous C02 in the solum. If the dissolution occurs
In partially saturated (i.e., pores contain both air and water) solum in
which CO, in the soil air replenished the dissolved CO, in the water
that is converted to HCOS' as dissolution occurs, the system is regarded
as being "open." In this context it is illustrative to express the dissolution
reactions as follows:

CaCOz+ Hp CO3 —== CaZ' + 2HCO3™ (5)
CaMg(CO3), +2Hp CO3 —= Ca®¥ + Mg?'+ 4HCO3 (6)

The relations indicate that dissolution of one mole of calcite or dolomite
results in production of two moles of HCOS'. In an open system, H2C03 is

replenished as it is converted to HC03' in the dissolution process:
CO5 (gas) + HoO0 "= H, CO3 (7)

The equilibria for the aqueous species in the system are as follows:
Keop = [HiCOS] (8)

Cop
K _[HHeog]
"2€°3 " [HpCO3]

[H*][co® ]

[Hco3 ]

Kigo = [H*][oH "] (n

KHC03 =

where K represents the equilibrium constant and PCO is the partial pres-
sure of CO2 in atmospheres. In an open system PCO is a constant, and
therefore the concentratlon of H2003 is constant. As dlssolutlon of calcite
or dolomite occurs, H" decreases and HCO3 increases, as can be surmised
from equation 9. The solubility of calcite in water as a function of fixed
Peo s and Ca®" concentration is shown in figure 4. The initial pH and pH
of the water after dissolution to equilibrium are also indicated on this

13




The pH of the water after dissolution proceeds to equilibrium as indicated. The initial pH
represents the pH of the water prior to dissolution under the specific Pcg.,-

10°- 7 At 10°C assuming activity coefficients are unity. For a
4.0 F 10°C increase in temperature the lines will shift upward
RS by a constant of 0.10.
8 . S
N
101F
3.0 B
g
O b +
o of (ag] Neq
8 Specified S
B ;-
° 02t S CaZ* 2
% o concentrations R
2.0 5
g B Eﬂ
103
1.0
90 85 80 75 70 6510
6.0 55 5.0 4.5 40 3.3
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Initial pH in equilibrium with CO; in water
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Figure 4. Re&ations between pH, Pcq,, HCO3", and Ca2* for open-system dissolution of calcite at specified
Ca?* values. 2
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diagram. It is assumed that prior to dissolution H' is the cation species in
the water. Specification of the PCOg also determines the initial pH. The
calculation procedures used in the preparation of this figure were adapted
from Garrels and Christ (1965). Caz+ concentrations from 5 to 80 mg/L
were used because these values represent a range typical of high HCO3_
groundwater of western North Dakota.

Figure 4 indicates that under open-system dissolution conditions PCOZ
of 6x 107 to3x 107 atm would be necessary to produce the HCO;™
values in the range of 500 to 1,500 mg/L in water with CazJr concentrations
in the range specified above. Soil 2one CO2 values reported in the litera-
ture are generally between 1073 and 10715 atm. Values larger than 107}
have not, to our knowledge, been observed in natural soil horizons.
Figure 4 indicates that if open-system dissolution is a common occurrence
in solum of western North Dakota, the partial pressure of Co, in the
solum would be anomalously high in at least some areas. This figure indi-
cates that PCOz values well above 10'l atm would be necessary under
open-system conditions to cause very high HCO3' concentrations when the
Ca2+ concentrations are on the order of a few tens of milligrams per litre.
For example, figure 4 indicates that water with a HCO3' concentration of
1,000 mg/L and Ca2+ concentration of 40 mg/L, values commonly observed
in the study area, would require initial PCOz é)f 102 in order to originate
from open-system dissolution of calcite with Ca® content controlled by ion
exchange. Exceptionally high PC02 values could develop as a result of the
combined effect of CO2 generation from organic matter, root respiration,
and H' production from oxidation of pyrite. At lower pH values, a larger
percent of the inorganic carbon in the system occurs as H2C03. Therefore,
as indicated by equation 8, the equilibrium PCOZ would be }:igher than
would be the case if C02 generation were the only control on H .

Partial pressures of CO2 have never been measured in solum of western
North Dakota. Whether or not exceptionally high pressures do in fact
occur should be determined by direct field measurements. Our purpose
here is to indicate that the interpretation of ca®* and HCO3' data is
compatible with the production of H by pyrite oxidation. If much lower
PCOZ values would adequately account for the HC03- data, pyrite oxida-
tion could possibly be viewed as an unnecessary appendage to the se-
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quence of geochemical processes that are used to explain the high concen-
trations of HCO3_ that typify much of the subsurface water in the region.

If calcite or dolomite dissolution occurs under closed-system conditions,
CO2 is not supplied to the water from air as dissolution proceeds. As H'
is consumed, it is not replenished. The PCO declines as dissolution pro-
ceeds. The capability of the water to dissolve calcite or dolomite therefore

depends on the initial PCO , or on the initial pH. Specification of the

initial PC02 determines the initial pH, or, alternatively, for calculation
purposes, the initial pH can be specified and the initial PCO can l;e com-
puted. Figure 5 indicates the solubility of calcite for specified Ca™ con-
centrations and initial pH or PCOg' The pH of the water after equilibrium
is achieved is also indicated. Figure 5 indicates that under closed-system

dissolution, the typically observed range of pH values in groundwater can
only be produced if the initial pH of the water is very low.

The analysis using open-system conditions indicates that H production
from pyrite oxidation is a necessary factor to account for the extremely
high HCO3' concentrations in many of the samples. The analysis of closed-
system conditions indicates that pyrite oxidation is a necessary factor to
account for the HCO3_ values of nearly all samples. There is no way of
knowing, based on existing data, the extent of open-system versus closed-
system dissolution that occurs in the solum of western North Dakota.
However, the above conceptual analysis is strong evidence in support of
the hypothesis that the anomalously high HCO3_ values in groundwater of
the region occur because of abundant H* supply from pyrite oxidation as
well as the effect of cation exchange as a mechanism that maintains CazJr

and Mg2 at low concentrations. Additional evidence indicating the common

occurrence of pyrite oxidation is obtained from the occurrence of SO42' in
the groundwater. This is discussed below.

Another soluble mineral that is commonly observed in shallow zones in
overburden in western North Dakota is gypsum. Gypsum dissolves readily

2+

in water to produce Ca“" and SO42_ ions.

CaS04 + 2Hp0 ——=— CaZ'+ 042+ 2Hy0 (12)
If gypsum is dissolved in deionized water at 8°C, the equilibrium concen-
trations of Ca2+ and SO42_ will be 520 and 1,240 mg/L, respectively
(Cherry, 1968). It is evident, therefore, that if water traveling through

subsurface systems encounters gypsum, it can acquire relatively high
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Closed System Dissolution at 20°C with Ca-Na ex-
change as Ca sink. A decrease of 1CPC will increase
all final pH values by 0.14. Closed-system dissol-
ution is assurned.

FINAL pH

5 -
4 [ | 1 L 1
0 1 2 3 4 5
INITIAL pH

Figure 5. Relations be%iveen initial pH, final pH, and HCO3" for calcite dissolution to equilibrium with Ca2t at
specified Ca<™ contents.
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2+ 2=

and SO4 I Ca2+ is removed by processes such
as ion exchange, the equilibrium concentrations of 8042' will be much
higher. This is represented by the graph in figure 6 which was computed
using the equilibrium relation.

[ Co2"][8042 7 Keg gyp (13)
where Keq.gyp =2.17 x 10_5 at 10°C (Cherry, 1968). If calcite or dolomite

dissolves in water prior to gypsum dissolution, the solubility of gypsum

concentrations of Ca

will be reduced as a result of the common-ion effect. If the Ca2+ concen-
tration Is limited by cation exchange, the solubility will be increased. This
condition is represented by the solubility line of figure 6 that has Ca2+
values specified at levels below the free solubility line represented by
gypsum dissolution in water in which there are no other controls on Ca2+
and 5042' concentrations.

In the preceding discussion, the interaction between gypsum and water
has been considered only in terms of gypsum dissolution. When the origin
of gypsum in shallow overburden in western North Dakota is considered,
gypsum precipitation is also an important process. When the reaction
represented by equation 12 proceeds to the left, precipitation occurs. If
the products [Cazq and [SO4Z'J exceed the value of Keq.gyp at the tem-
perature of the system, gypsum will precipitate. Laboratory studies indi-
cate that this precipitation reaction proceeds quickly relative to the rate at
which water moves in most subsurface systems.

If Caz+ enters solution as a result of calcite or dolomite dissolution,
and if 50,%

4
water is concentrated to a level at which gypsum supersaturation occurs,

enters solution as a result of pyrite oxidation, and if the

gypsum will precipitate from solution. There is considerable evidence to
indicate that this mechanism of gypsum production occurs in shallow over-
burden zones in much of western North Dakota. This evidence will be
reviewed in detail later in this discussion.

Clay minerals typically occur in colloidal size and have significant
amounts of adsorbed cations on their surface. At any given time the con-
centration of adsorbed cations is in equilibrium with the concentrations of
cations in water in contact with the adsorption surfaces. If new water with
different cation concentrations comes into contact with the clay mineral
surfaces, cations in the water will exchange with cations on the adsorption
sites until equilibrium is reestablished. Cation exchange reactions proceed
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Figure 6. Relations between Ca2* and SO42' under conditions of gypsum saturation at 10°C.
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very quickly. As water flows through porous clayey geologic materials, the
exchange reactions undergo continual readjustment in order to maintain
exchange equilibrium. When new water enters a pore space and the water
that previously occupied the space moves further along its flow path, the
equilibria will adjust accordingly.

The cation exchange reactions that are most important in the chemical
evolution of subsurface water in western North Dakota can be represented
as follows:

Calts 2NaX == 2Na" + Ca X (14)
Ca?t s Mgx == mg®*+ Cax (15)
MgP'+ 2NaX ———2Na" + MgX, (18)

where the quantities NaX, CaX, and MgX represent cations in the adsorbed
state and Na+, Ca2+
solution. Equilibrium relations based on these reactions can be expressed

, and Mg2+ denote these elements in an ionic state in

as follows:

[NO+:|2 NC
/ = a
KNo—Co [Cog+] NZNO (17)
[M92+] Neg

(18)
[C02+:| NMg

KMg-Ca =

[N0+]2NM9
-
KNa-mg = (M) N2 (19)

where K' represents an empirical equilibrium coefficient referred to as a
selectivity coefficient and N represents the mole fraction of the adsorbed
cation. Numerous laboratory experiments reported in the literature indicate
that the selectivity coefficients for these reactions involving clay minerals
are such that Ca2+ is selected to the exchange sites in strong preference
to both Na' and Mg2+. Mg2+ is adsorbed in preference to Na'. Another
way of expressing this is to state that the reactions represented by equa-
tions 14, 15, and 16 proceed to the right in order to achieve equilibrium
in situations where the concentrations of cations in solution are initially
equal. At concentrations in the range that occur in fresh or brackish
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groundwaters, the total quantity of cations adsorbed on the exchange sites
of clay minerals in clayey materials with appreciable cation exchange capac-
ity is very large in comparison to the total quantity in solution in a unit
volume of water-saturated material. In other words, on the microscopic
scale adsorption sites on the clay minerals represent a large storage zone
for adsorbed cations relative to cations in the pore solution. If the ex-
change sites on the clay minerals are initially occupied with a large per-
centage of Na+, for example, it will be necessary for numerous pore vol-

2+—1"ich water to pass through the materials in order for the

2+

umes of Ca
percent of adsorbed Na' relative to Ca“’ to decline significantly. Each
pore volume of Ca2+-rich water that passes through the material will result

in a transfer of Ca2+

to the exchange sites in the clays and a release of
Na' to the pore water. Exchange equilibrium between the pore fluid and
the exchange sites on the clays will be maintained because the reactions
are fast relative to normal rates of subsurface water flow. The equilibrium
cation ratios will change as the ratio of adsorbed ions changes in response
to repeated passage of new fluid through the pores.

The dominant clay minerals in the overburden in western North Dakota
are montmorillonitic (smectite) type. This has been suggested by previous
studies of Jacob (1973), Royse (1967), and Sandoval and others (1973) and
established by this study. Montmorillonitic clays have relatively large
cation exchange capacities. Values in the range of 20 to 80 milliequivalents
per 100 g of dry weight solum are representative. This means that one
gram of montmorillonitic clay would contain on the order of 1.5 x 1020
adsorbed cations. If the clay has a porosity of 30 percent and is saturated
with water, and if the water has a cation concentration of 100 mg/L (ex-
pressed as Ca2+), the pore water in a one-gram mass of the clay would

contain 7.5 x 10_3 moles of Ca2+, which is a quantity two orders of mag-
nitude smaller than that adsorbed on the clay. This illustrates the fact
that in materials with an appreciable cation-exchange capacity, the cations
contained on the exchange sites represent an extremely large cation source
relative to the cation concentration in the pore waters.

The montmorillonitic clays in the overburden of most areas in western
North Dakota are identified as Na-montmorillonites, as discussed later.
This means that the exchange sites are loaded with Na' relative to CazJr

2+ + , . , ; '
Mg~ , K, and other cations. From a viewpoint of soil and groundwater
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geochemistry and soil behavior, this is an important factor. It means that
if water with appreciable concentrations of Ca2+ and/or Mg2+ comes into
contact with materials that contain Na-montmorillonite, the water will ac-
quire Na' as the dominant cation. As the Ca2+ and Mg2+-rich input contin-
ues to enter the system, the exchange reactions will continue to transform
the water to a Na -rich composition until eventually the available Na' on
the exchange sites is depleted. When this occurs, cation exchange is no
longer effective in modifying the cation composition of the water.

We will now describe how the geochemical processes outlined above can
combine to control the chemical evolution of subsurface waters in western
North Dakota. The most common subsurface water composition, which has
dominant concentrations of Na+, HCOB+, and SO42_, will be considered
first. When rain or snowmelt infiltrates below ground surface, it becomes
charged with CO2 in the organic-rich horizons of the upper part of the
soil profile. As it moves deeper in the solum and comes in contact with
mineral matter, mineral dissolution occurs. If carbonate minerals are pre-
sent, they will dissolve, with calcite dissolution much more rapid than
dolomite dissolution. If dissolution to equilibrium occurs under CO2 pres-
sures in the range common in solum, the HCO3 concentration will rise to
several hundred milligrams per litre and the ca’t concentration will rise
as high as 200 to 300 milligrams per litre. The pH will rise to the range of
about 7.5 to 8.5. If dolomite is present but dissoclves more slowly than

2+

calcite, the Mg~ concentration will rise to several tens of milligrams per

litre. If there are no other major modifying influences, the soil water

will therefore be characterized by dominant concentrations of Caz+ and
HCO; .
If the solum and/or its parent material contain appreciable Na-

2% concentration in the soil water will be maintained

at low values as a result of Ca2+ - Na' exchange. As calcite dissolution
e will be exchanged for Na'. This will permit cal-
2* Continues to be adsorbed on the ex-

montmorillonite, the Ca

occurs, much of the Ca
cite to continue to dissolve as Ca
change sites on the clay particles. As dissolution continues, the HCO, ,
Na+, and pH will rise progressively. If Mg2+ is contributed to the water
from dolomite dissolution, it also may be maintained at low concentrations
as a result of cation exchange. It is therefore not possible to deduce from
water chemistry data the extent to which dolomite dissolution influences the
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systems. The concentrations attained at equilibrium will depend on the in-

+ ., , .
2 is maintained

itial pH of the water and on the concentration at which Ca
by the exchange reaction. The water will be characterized by dominant
concentrations of Na' and HCOs- with minor amounts of Ca®’ and Mg2+.
Except for the lack of SO42-, this water has some similarity to ground-
waters commonly observed in Tertiary overburden in western North Dakota.

The influence of pyrite dissolution will now be added to those of
calcite-dolomite dissolution and cation exchange. It will be assumed that
the infiltrating water oxidizes pyrite. In the process, dissolved oxygen is
consumed. As indicated in figure 2 under conditions of water saturation,
SO42' concentration will rise to about 8 mg/L and abundant H' will be
released. This SO42_ content is insignificant in comparison to the many
hundreds of milligrams per litre that occur in much of the groundwater of
the region. The H' that is released, however, permits the calcite (or
dolomite) dissolution reaction to proceed much further than would otherwise
be the case. Concentrations of I—ICO3' could therefore rise towards the
upper limit of the range observed in the groundwater. If water that is
subjected to this combination of geochemical processes infiltrates to the
water table, the resulting groundwater will be characterized by very high
concentrations of Na' and HCO3-. Higher Na' values will correlate with
high HCOa- values.

There is a possibility that oxidation of pyrite would occur if the solum
1s not saturated with water. In some situations, oxygen could be replen-
ished as consumption by pyrite oxidation takes place. This would require
active movement of soil air in and below:the soil profile as infiltration
occurs. In order for the SO42— concentration to rise to the very high
levels that are observed (i.e., many hundreds of milligrams per litre), O2
replenishment would have to be very active. The H' concentration released
would permit calcite dissolution to produce HCOS' values well above the
values observed in the groundwater. Although it is likely that 02 replen-
ishment causes a significant increase in SO42_
this mechanism directly generates all of the SO

tration waters.

values, it is unlikely that

2= . : 2~
4 In high SO,” concen-

The remaining key ingredient to be added in the development of our

conceptual geochemical evolution sequence is gypsum. Dissolution of gypsum
will produce abundant 5042- and increased concentrations of Na' if the
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Ca2+ released from the gypsum is exchanged for Na' as a result of reac-
tions with clay minerals. With gypsum added to the evolution sequence, the

dominant ions in the water are Na+, HCO3-, and SO42' with minor concen-

2* 2* " Small amounts of ClI° may be derived from

trations of Ca® and Mg
atmospheric fallout (rain or dust) or from minor impurities in the geological
materials.

Three of the four main minerals involved in this geochemical model--
calcite, pyrite, and Na-montmorillonite--are all commonly observed in over-
burden materials of the region. Gypsum is observed much less commonly
and its mode of origin is not readily apparent. Because the SO42_ concen-
trations in Tertiary deposits in the study areas show no discernible
general increase with depth and because the groundwaters are almost
invariably undersaturated with respect to gypsum, it can be concluded
that gypsum is contributed to the hydrogeochemical system at shallow
depths or at ground surface, and that it is not a significant constituent of
the unweathered Tertiary deposits. This supposition is borne out by
mineralogical data from the Gascoyne area in southwestern North Dakota
that show abundant gypsum in the oxidized zone, above about 6 m, but
none deeper in the section (Croft; personal commun., 1977). The evidence
and reasoning upon which this conclusion is based are discussed further
by Moran et al. (1976).

To account for the occurrence of sufficient amounts of gypsum near
ground surface and production of the observed 5042— concentrations in the
water, Moran et al. (1976) have proposed that the gypsum results from
precipitation from surface or near-surface water that becomes concentrated
because of evaporation or transpiration. It is well known that very little of
the rainfall or snowmelt that occurs in western North Dakota penetrates far
enough below ground surface to produce groundwater recharge. Nearly all
of the rainfall and snowmelt infiltrates a short distance into the solum and
then returns to the atmosphere as a result of evapotranspiration, or the
water moves as overland flow into topographic depressions and then evapo-
rates. During exceptional infiltration events, sufficient water may penetrate
the ground to cause recharge at the water table. These hydrologic con-
cepts are illustrated schematically in figure 7.

If water acquires 8042' by pyrite oxidation and acquires Ca2+ by
calcite dissolution prior to evaporation or evapotranspiration, a small
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Figure 7. Relations between major geochemical processes and water chemistry resulting from infiltration that does not pass below the root zone (from Moran
et al., 1978).




amount of gypsum will precipitate if the concentrations of the ions are
increased greatly as a result of these processes. Repeated rainfall and
snowmelt events will cause an accumulation of gypsum. When exceptional

2+

rainfall or snowmelt occurs, this gypsum will dissolve and the Ca® and

8042' will be carried to the water table as recharge occurs. Some of the
Ca2' may be exchanged for Na' as infiltration occurs. The shallow ground-
water thus acquires its high SO42_ concentrations. Because gypsum is
generally not present in the geologic materials below the water table, this
initial SO42_ concentration is the content that persists without increase in
the water as the water moves along its flow paths, regardless of whether
they are short or long.

For illustrative purposes in this discussion, we have considered in
sequence the effects of (1) hydrogen-ion generation by CO, production in
the upper part of the solum and by pyrite oxidation in the solum or sub-
solum; (2) calcite and dolomite dissolution; (3) exchange of Ca2+ for Na+
on clay particles; and (4) gypsum dissolution. In the field, these pro-
cesses occur sknultaneously in some situations and in sequence in other
situations. The sequence can be different than the one indicated above.
For example, gypsum may dissolve at or very near ground surface prior to
any influence by cation exchange or calcite dissolution. If this occurs, the

2-

infiltrating water will have abundant Ca2+ and SO4 as it moves deeper

into the soil profile. If the water then comes into contact with Na-

2+ 2=
~SO4

the water has passed through organic-rich soil horizons, it will be charged

montmorillonite, the composition will be altered to a Na solution. If
with CO2 and therefore will have the potential to dissolve calcite and dolo-
mite. This tendency will be maintained until such time as the water en-
counters carbonate minerals. When this occurs, the water will acquire
HCO3' and a higher pH. If Na-montmorillonite is not present, the Ca2+
content of the water will rise as calcite is dissolved. The water will then
have major concentrations of Na', Ca2+, SO42', and HCOa'. The Na+/Ca2+
and HCO, /50,%

solved earlier, on the extent of Ca

ratios will depend on the amount of gypsum that dis-
2+-Na+ exchange that occurred earlier,
and on the initial pH or Co, partial pressure of the water during calcite
dissolution. If some pyrite is oxidized prior to or during calcite dissolu-
tion, the supply of H' released by this reaction will increase the amount of

calcite that can be dissolved. If the H' supply is extremely large, it will
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make little difference whether dissolution occurs above the water table
(open-system conditions) or below the water table (closed-system condi-
tions). If H' is derived only from Co, production and if the CO2 partial
pressure is not high, closed-system dissolution will severely limit the
amount of calcite that can dissolve.

The most common groundwater composition in Tertiary deposition in
western North Dakota (water with dominant concentrations of Na+, HCO3_,
and SO42') can be generated by various segences of the four geochemical
processes indicated above. It should be noted that the infiltration need not
pass through an organic-rich soil horizon in order for the evolution se-
quence to proceed as indicated. Water that passes directly into the geologic
parent material in areas where the solum has been eroded or removed by
man will acquire the same water chemistry, provided that sufficient H' is
generated by pyrite dissolution. Consumption of only several milligrams per
litre of dissolved 02 in the water produces abundant H'. The water may
infiltrate rapidly past the solum by way of root holes, cracks, or animal
burrows, and not acquire soil-produced COZ' and yet still acquire H' as
pyrite dissolution occurs below the solum, either above or below the water
table.

The Na' in the water is derived by ion exchange from Na-montmoril-
lonite. In order for the Na' concentration in the water to increase, Ca2+
must become available for exchange. If rainwater moves through materials
rich in Na-montmorillonite but devoid of carbonate minerals or gypsum, the
water will acquire only a very small Na' concentration. If the water moves
through materials that contain both Na-montmorillonite and calcite or dolo-
mite without acquiring increased H' ion concentration as a result of CO2
production or pyrite oxidation, the Na' concentration will rise to only a
few tens of milligrams per litre because of the limited solubility of the
carbonate minerals. Greater calcite solubility will result in high Na' con-
centration in the water. If gypsum is present, the Na' concentration in
the water will undergo a much greater increase. Na-montmorillonite can be
regarded as a large reservoir of Na' that requires calcite (or dolomite)
and/or gypsum dissolution for it to be released from the adsorption sites
to the pore water. Thus, in cast-overburden, the release, transport, and
accumulation of Na® will depend on the occurrence of calcite and gypsum in
the overburden. The occurrence of gypsum will depend primarily on the

27



occurrence of pyrite and the rate and frequency at which water containing
dissolved oxygen contacts it and then evaporates or is transpired.

Under the present conditions in western North Dakota, it appears that
gypsum is generated by pyrite oxidation and calcite dissolution (SO42_
from pyrite and Ca2+ from calcite) in the shallow subsurface zones of
recharge areas and in surface depressions where particulate calcite and
pyrite are carried as a result of surface runoff and erosion. The surface
environment is the most highly oxidizing when water is present. After
rainfall or snowmelt runoff, surface waters commonly evaporate, leaving
precipitate residues in the depressions that contain water only ephemerally.
It is these depressions that are sites where groundwater recharge can
occur more frequently than in knoll or side slope areas because ponded
water can act as a feed to infiltration as was discussed above. The impor-
tant point to note here is that the interpretation of the geochemical evolu-
tion of subsurface waters in the Tertiary deposits of western North Dakota
cannot be separated from conceptual models of the occurrence of infiltra-
tion, groundwater recharge, and regional flow-system behavior. Predictions
regarding the hydrogeochemical behavior of water in cast-overburden and
the origin and accumulation of salts will require adaptation of the inter-
pretive geochemical framework developed for the natural system to the new
types of flow regimes that will occur in the cast-overburden.

Figures 8 and 9 summarize the geochemical processes and their role in
the genesis of subsurface water chemistry. Figure 8 represents conditions
associated with infiltration events that do not cause flow below the root
zone. In figure 9 hydrogeochemical conditions that develop during ground-
water recharge events are represented. These diagrams indicate the
hydrogeochemical characteristics that result from various combinations of
geochemical processes. If the water received little or no C02 from organic
matter oxidation in the uppermost part of the solum, the water chemistry
will nevertheless evolve as illustrated in these diagrams, providing pyrite
oxidation is an active process. If any of the other geochemical processes
illustrated in the hydrogeochemical evolution sequences (figs. 8 and 9) are
not active, the chemistry of the soil water will deviate markedly from that
represented in the diagrams. Locally in western North Dakota, deviations
can be expected to occur, but in general the available subsurface data in-
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Figure 8. Relations between major geochemical processes and water chemistry resulting from infiltration that
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dicate the interpretive framework summarized in figures 8 and 9 is reason-
able.

As a concluding statement for this section, we wish to draw attention
to the fact that all of the important geochemical processes that determine
the chemistry of groundwater in the study areas are primarily operative
above the water table. That is, water below the water table in local,
intermediate, or regional flow systems acquires its characteristic features
(i.e., salinity, alkalinity, and pH) in shallow zones above the water table.
The chemistry of the water, regardless of its age or the distance that it
has traveled, is determined by the geochemical processes that occurred
during recharge. This conclusion has important implications with respect to
mine-land reclamation, as is indicated in later discussion.

Need for Refinement

In the previous section we have discussed the state of our under-
standing of the geochemical processes governing groundwater evolution in
western North Dakota prior to the beginning of the study covered by this
report. There is little controversy about the assertions of the model con-
cerning the role of carbonate minerals. The reduced sulfur-sulfate inter-
action is another matter, however. We stated above that there is little evi-
dence of gypsum mineralization at the end of the period of glaciation, and
suggest that the gypsum now found arose from the oxidation of native
pyrite. The evidence for extensive pyrite concentration in the sediments is
not overwhelming. The most critical need in refining the conceptual model
at the onset of the study period was clarification of the sulfur cycle.
Specifically, these questions had to be answered:

*What is the total sulfur concentration in any given overburden vol-
ume?

*How is that sulfur distributed between oxidized and reduced forms of
sulfur?

*What is the ease of interconversion between the two forms?

In the work reported below we answer the first two questions, and
provide a partial answer to the third.
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Total Landscape Perspective

It is important to consider the impact of surface coal mining on ground-
water from the perspective of the total impact of surface mining on a land-
scape. Each landscape consists of complexly interrelated components. These
components include the morphology of the surface, the physical and chem-
ical characteristics of the surface and subsurface materials, and the hydro-
logic regime that is operating upon and within the sequence of materials.
Prior to mining, in the time scale of normal observations, these landscape
components are largely in a steady state with each other and with the
forces acting upon them.

The disturbance of a landscape by surface coal mining typically results
in severe disequilibrium within that landscape. Disequilibrium in postmining
settings may take various forms. The most obvious indications of disequili-
brium in postmining settings, when contrasted with premining conditions,
are:

1. Significant degradation of plant growth potential.

2. Significant degradation of groundwater quality.

3. Instability of the surface.

Design of disturbed landscapes based upon reestablishment of the pre-
mining equilibrium should be the objective of reclamation activities. This
necessitates an integrated evaluation and redesign of all components of the
landscape. As discussed in the previous section, the chemical evolution of
subsurface water in most settings in the plains region of North America is
largely determined by geochemical processes active in the upper two to
five metres of the landscape. These processes determine not only the
quality of water which reaches the water table, but also the quality of
pore water in the rooting zone. In addition, various forms of instability in
postmining landscapes, particularly piping, are largely a function of the
mineralogy of the upper few metres of spoils (Groenewold and Rehm,
1980). Thus, long-term biological productivity, groundwater quality, and
stability in postmining settings are all largely dependent upon the same
near-surface geochemical processes.

Unfortunately, '"reclamation," as commonly defined, typically refers
only to the plant growth potential of the disturbed landscape. Even more
unfortunate, the vast majority of "reclamation" research has focused only
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on the soil component of the landscape. The other components of the land-
scape and associated concerns have been largely ignored by this body of
research. The result has been a plethora of recommendations focused only
on the soil zone, many of which are in direct conflict with other concerns
such as restoration of recharge capacity, groundwater and surface water
quality, and stability in the postmining setting.

It is hoped that the results of this study will promote a better under-
standing of the need for site-specific geologic, hydrogeologic, and geo-
chemical data as input to reclamation design.

Study Sites
Overview

As previously discussed, extensive geologic, hydrogeologic, and hydro-
geochemical studies have been ongoing at several active and proposed sur-
face coal-mining sites in western North Dakota since 1974. North Dakota
study sites include the Falkirk, Indian Head, Beulah-Hazen, Dunn Center,
and Center study areas (fig. 10). Various aspects of these studies have
been summarized by Moran et al., 1975, 1976, 1978, and 1979; Winczewski,
1977; Groenewold, 1979; Groenewold et al., 1979, 1980, and 1981;
Groenewold and Bailey, 1979: Groenewold and Rehm, 1980; and Rehm et
al., 1982. These studies, in conjunction with similar studies in Montana
and Wyoming (Williams et al., 1978) and Alberta (Alberta Environment,
1980), have resulted in the development of the conceptual hydrogeochemical
model as previously discussed. These studies, in turn, form the foundation
for the present study.

Location

Four sites were used for this study. These were the Center, Indian
Head, Falkirk, and Glenharold Mines in west-central North Dakota (fig.
11). Detailed premining geologic, hydrogeologic, and groundwater chemical
data were available for the Center, Indian Head, and Falkirk Mines. In
addition, considerable data regarding postmining hydrogeologic and
groundwater chemical characteristics as well as mining and reclamation
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techniques were available for spoils areas at the Center and Indian Head
Mines. These data had been generated as part of a USBM-funded project,
initiated in 1977, designed to evaluate the causes of instability in surface
mining settings at these two mines (see Groenewold and Rehm, 1980). The
Center and Indian Head Mines were thus chosen as the key study sites for
the project.

Mining at both sites utilizes a walking dragline to remove overburden
and dozers and pan scrapers to recontour spoils. Previous research at the
Center and Indian Head Mines had indicated apparent significant and con-
sistent differences in both the character of the overburden and ground-
water quality in both undisturbed and spoils settings at these mines
(Groenewold et al., 1979, 1981). Considerable variability in overburden
characteristics is present at both mines. However, the overburden in the
area of the Indian Head Mine was predominantly silty and clayey sediment;
the overburden in the area of the Center Mine was predominantly silty
sand to sandy silt. Groundwater in undisturbed settings and spoils at
Indian Head was typically much more highly mineralized than in similar
settings at Center Mine. Since all other significant variables such as
mining and reclamation methods and climate were the same at these sites,
the Center and Indian Head Mines offered an essentially unique opportunity
to compare overburden textural and mineralogical characteristics with
groundwater quality and chemical evolution in undisturbed and spoils
settings.

Overburden samples for mineralogical and textural characterization and
laboratory experimentation were obtained from various settings at the
Center and Indian Head Mines. In addition, the Glenharold and Falkirk
Mines were utilized as sites for overburden sampling. Expansion of the
overburden sampling activities to these additional mines allowed for a more
representative evaluation of stratigraphic and areal textural and mineral-
ogical wvariation in the coal-bearing sediments than if sampling were re-
stricted to the Center and Indian Head Mines.

Geology

The North Dakota study sites are representative of the geologic con-
ditions found in most surface coal-mining areas in the plains areas of
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western North America. Glacial sediments (tills) wveneer portions of the
Center and Falkirk sites but are absent at the Indian Head and Glenharold
sites. The potentially mineable coal at all the sites occurs in the Tertiary
Sentinel Butte Formation of the Fort Union Group. Although the thick-
nesses of the coal beds are less than in some other areas, the coal and
associated sediments which underlie the North Dakota sites are typical of
the Cretaceous and Tertiary coal deposits found throughout the plains
region of western North America.

About 60 to 80 percent of the sediment making up the coal-bearing
Sentinel Butte Formation in North Dakota consists of interbedded silt and
clay that occurs in beds ranging from a few millimetres to tens of metres
in thickness. From 15 to 35 percent of the sediment making up these
formations consists of silty, fine-grained to medium-grained sand in beds
that range in thickness from 0.3 to 35 m. Lignite is a minor constituent
occurring in beds that range in thickness from 1 cm to about 12 m locally.
The lignite generally comprises less than 5 percent of the total thickness
of these units in North Dakota.

The sediments of which the rocks are composed were derived from
tectonically active areas to the west. The sediments were transported via
low-gradient streams which terminated at the shorelines of inland seas.
The coal-bearing sediments were deposited in various subenvironments
within an alluvial flood-plain environment. Sand and silt were deposited in
predominantly oxidizing environments on point bars and natural levees.
Clayey sediments were deposited farther from the channels in largely
reducing flood-basin settings (Jacob, 1972, 1973; Hemish, 1975; Cherven,
1978).

These differences in the original depositional settings of the sediments
are reflected in the mineralogy of the sediments. Carbonate minerals are
most abundant in the sand and silts. Clay minerals and pyrite are more
abundant in the fine-textured sediments deposited in reducing environ-
ments. Thus, the original depositional setting of the near-surface sedi-
ments in an area has particular significance with respect to hydrogeo-
chemical evolution in that setting, both prior to and after disturbance by
mining. Detailed discussion of the geology of the coal-bearing sediments of
western North Dakota and, in particular, Center, Indian Head, and Falkirk
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study sites can be found in Moran et al., 1978; Groenewold et al., 1979;
and Groenewold et al., 1981.

Geohydrology

As 1s common throughout the plains region of North America, the
hydrologic regime at any site is primarily a function of the climate and
stratigraphy, as well as the configuration of the landscape. Most precip-
itation at the study sites is scattered both temporally and spatially. Most
precipitation is lost through evapotranspiration.

All the study sites are within groundwater recharge areas. Nearly all
recharge to the groundwater system occurs during spring runoff and
occasionally during periods of relatively heavy precipitation in the fall of
the year (Rehm et al., 1982). The upper portion of the landscape is con-
stantly subjected to alternating wet and dry cycles. Recharge occurs, to
some degree, over most of the landscape but is concentrated in restricted
positions. These include areas of standing surface water (closed depres-
sions) and ephemeral stream bottoms. In most other landscape positions,
the majority of the precipitation is lost through either runoff or evapo-
transpiration.

Subsurface water movement is largely controlled by the lithologic
characteristics of the sediments. Movement of water through sand and
lignite aquifers is generally lateral, whereas movement through fine-
textured Tertiary sediment is generally vertical and downward. The hy-
draulic conductivity of sediments at the North Dakota sites varies con-
siderably, ranging from 10™° to 107 m/s in sandy Tertiary sediments,
from 107> to 107/ 8 o 10710
fine-textured Tertiary and glacial sediments (Groenewold et al., 1979;
Rehm et al., 1980). The hydrogeologic characteristics of the North Dakota
study sites have been discussed in detail by Moran et al., 1978;
Groenewold et al., 1979, and Rehm et al., 1980.

m/s in the lignite, and from 10~ m/s in the

Climate, Topography, and Physiography

The climate in the vicinity of all the study sites is classified as
semiarid-continental. The summers are generally cool with only a few hot,
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humid days. The winters are typically quite cold and long. The mean
annual temperature for Bismarck, North Dakota, which is located approx-
imately 50 kilometres southeast of the Center Mine (fig. 11) is 5.7°C,
varying from -12.3°C in January to 22.1°C in July. Precipitation at
Beulah, North Dakota, approximately six kilometres east of the Indian Head
Mine averages 43.7 centimetres annually.

All four of the study sites are located in the Missouri Plateau of the
Great Plains Physiographic Province. The Indian Head site is situated on
an upland area between Spring Creek and the Knife River. Although the
area has been glaciated, essentially all glacial sediment has been eroded.
The topography is generally rolling to very steep with occasional small
areas of "badlands" topography along surface drainages. The site is pre-
dominantly pastureland.

The Center site is situated on an upland area between Square Butte
Creek and Hagel Creek. Glacial sediment underlies the surface in most of
the western half of the site. Postglacial erosion has removed most of the
glacial sediment in the remainder of the study site. The topography is
generally rolling with occasional small areas of steep slopes. The site is
predominantly cropland. Pastureland is generally limited to steep slopes
along drainages.

The Falkirk site is largely an area of nonintegrated drainage on the
south edge of a low, glaciated, upland drainage divide. The western edge
of the site is drained by small unnamed creeks that flow into the Missouri
River. The southern and eastern edges of the site drain into a complex of
lakes on the surface of a buried preglacial valley. These lakes drain by an
intermittent stream to the east and south, ultimately into the Missouri
River. The surface in the Falkirk area is generally undulating to rolling.
The northern part of the Falkirk area is characterized by numerous
prairie-pothole sloughs. The remainder of the area is characterized by
longer slopes and the better integrated drainage of the underlying bedrock
topography. Most of the area is cropland. Pastureland is generally limited
to steep slopes along the valley sides.

The Glenharold site is situated between a broad, gently rolling upland
plateau on the southwest and low-lying, flat Missouri River flood plain on
the northeast. The mine occupies an area of dissected plateau ("breaks")
adjacent to the Missouri River flood plain. This dissected plateau rises
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rather abruptly 100 to 150 metres above the Missouri River flood plain. A
maximum of about 100 metres of local relief separates the gently rolling
upland surfaces of the dissected plateau from the relatively steep-walled,
narrow drainages that dissect the area and form a dendritic pattern. The
predominant direction of drainage in the mine area is north-northeast to
the Missouri River. The site is predominantly pastureland.

METHODOLOGY

Overburden Sampling

Philosophy of Sampling

Representative samples of overburden were collected from various
locations at the Center, Indian Head, Falkirk, and Glenharold Mines.
Sampling locations were commonly immediately adjacent to previous test-hole
or piezometer locations. A detailed descriptive log and geophysical logs
(gamma, density, spontaneous potential (SP), and resistivity) were avail-
able for most potential sites. Information gained from the logs was used as
a guide for sampling site selection.

The major objective of the overburden sampling activities was to collect
samples that would be representative of all the major variables found in
overburden in mining areas in western North Dakota. Variables that were
considered significant included texture, position relative to water table
(oxidized or unoxidized), glacial or Tertiary sediment, and stratigraphic
position within the Sentinel Butte Formation. An attempt was also made to
sample at locations in various landscape positions (upland, hillslope, sur-
face depression, etc.).

Techniques

Continuous cores of overburden were obtained with a truck-mounted
hollow-stem auger utilizing 7.6 x 76.2 cm Shelby tubes. Immediately after
withdrawal of the Shelby tube, the ends were sealed with heavy tape to
avoid contact with air. The Shelby tubes were then sent to the laboratory
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for sample extrusion. If the sample could not be extruded, a portion of
the tube was sawed off to obtain a sample for laboratory characterization
and experimentation. Unused portions of the samples were stored in the
tubes with the ends resealed.

Locations

A total of nine locations were selected for overburden sampling. One
hundred twenty-three Shelby tube samples were obtained from those loca-
tions. Logs of each sampling test hole as well as site information and other
descriptive data are included in appendix A.

Three sampling locations were selected at the Center Mine (Center 361,
366, and 380). Samples from the Center sites represent a textural range of
Tertiary sediments and include both oxidized and unoxidized sediments.
The Center samples were stratigraphically froimm the middle to lower part of
the Sentinel Butte Formation.

Overburden samples from the Indian Head Mine were obtained from one
location (Indian Head X-2). Samples from this location were predominantly
fine-textured Tertiary sediment, both oxidized and wunoxidized. Strati-
graphically, the Indian Head samples were from the upper portion of the
Sentinel Butte Formation.

Four overburden sampling sites were selected at the Falkirk Mine
(Falkirk 514, 526, 561, and 576). The Falkirk samples represent a complete
spectrum of Tertiary textural types, both oxidized and unoxidized. In
addition, several tills were sampled at Falkirk site 576. The Tertiary
sediments sampled at Falkirk were from the lower part of the Sentinel
Butte Formation.

One sampling location was selected at the Glenharold Mine (Consol 31).
Overburden samples from the Glenharold site represent a complete range of
Tertiary textural types, both oxidized and unoxidized. Samples from this

location were obtained from the lower middle part of the Sentinel Butte
Formation.
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Textural Analysis

Two portions of the Shelby core specimens were selected for textural
analyses in order to provide more information on their lithology. Deter-
minations were made at -either the University of North Dakota (UND) or
North Dakota State University's (NDSU) Soils Department over several
periods of time to make optimum use of available personnel. Samples used
for textural analyses performed at UND were obtained from the middle of
the Shelby tubes. Samples used for textural analyses at NDSU were ob-
tained from the bottom of each Shelby tube. One group of duplicate speci-
mens was examined at both sites and a systematic difference in results was
noted. The following are the methods used by each laboratory.

North Dakota State University (NDSU)

The hydrometer method of Bouyoucos as described by Day (1965) was
the basis for the routine analysis of approximately 120 Shelby tube speci-
mens. Forty grams of each specimen were ground with mortar and pestle
sufficiently to break up the coarser agglomerates and placed in a glass
jar. A 50 ml volume of dispersing solution (4 percent sodium hexameta-
phosphate (NaPOB)G, plus 1 percent NaZCOB) was added along with enough
distilled water to nearly fill the jar. A group of jars was placed on a
shaker overnight and was typically agitated for 12 hours. In the morning,
the suspension was placed in a dispensing cup and treated with a mechan-
ical analysis stirrer (milkshake mixer) for five minutes. The suspension
was quantitatively transferred to a one litre graduated cylinder in a con-
stant temperature room (25°C) where all hydrometer measurements were
made. After stirring the suspension, the first hydrometer reading was
taken at 40 seconds, the point at which the sand fraction had settled out.
The second reading was taken two hours later after settling of the silt.

In calculating the silt and clay fractions, corrections are first made for
the actual density of the solution with the added dispersing agent and for
the temperature of the solution. The basic assumption is that sand and silt
have settled after two hours and only clay remains in suspension. Silt is
determined as the fraction remaining in suspension between the 40-second
and 2-hour hydrometer reading. Sand is assumed to have settled out after
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40 seconds and is determined by difference once the silt and clay are
known.

University of North Dakota (UND)

The sample was air-dried and placed on a thin cardboard box lid on a
wooden surface. The blunt end of a rock chisel was dropped on the sample
with just enough force to disaggregate the sample. This was done until the
pieces were approximately 15 mm or smaller. The day before analyses were
run, a batch of 4 percent Calgon solution was mixed and placed in a
carboy. At the same time, two distilled water carboys were filled and all
three were left overnight to attain room temperature. Approximately 45
grams of a sample were weighed and put in a beaker (pint jar). The
sample was soaked overnight in 125 m] of 4 percent Calgon solution. A
test cylinder of 125 ml 4 percent Calgon solution was prepared to deter-
mine the hydrometer weight of the Calgon. After soaking, the sample' was
put in the mechanical analysis stirrer with some distilled water and agitated
for one to two minutes. It was then decanted into a settling cylinder. If
any clay balls coated with sand grains were present, they were gently
flattened with a glass stirring rod and agitated in the stirrer with addi-
tional distilled water until completely dispersed before being added to the
settling cylinder. The cylinder was topped off with distilled water and
agitated for about 45 seconds with a rubber stopper full of holes attached
to an iron rod. Any sand or gravel clinging to the stopper was washed off
with distilled water into the soaking beaker and added to the sample during
wet-sieving. The sample was left to settle for approximately two and one-
half hours depending on the water (room) temperature (two hours thirty-
three minutes for 22°C). The hydrometer reading was recorded and the
test Calgon reading subtracted from it to obtain the clay weight. The
sample was then wet-sieved and the sand and gravel was returned to the
soaking beaker. The sample was dried overnight in an oven at 100°C. The
sample was then put on the Ro-Tap mechanical shaker for ten minutes with
No. 10 (2 mm), No. 18 (1 mm), and No. 230 (634 m) sieves. The sand
envelopes were weighed during sieving then filled with the sand and gravel
fraction and weighed again subtracting the envelope weight to obtain the
sand and gravel weight. The gravel was subtracted from the original sam-
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ple weight and the corrected weight was used to calculate the sand, silt,
and clay percentages. All weight not accounted for by the gravel, sand,
and clay was considered silt.

Mineralogical Analyses
Previous Work

Previous studies of the mineralogy of the Tertiary coal-bearing sedi-
ments in western North Dakota concentrated on the clay-size fraction
(Brekke, 1977; Emanuel et al., 1976; Kulland, 1973: and Clark, 1966) and
on the heavy minerals of the fine to very fine sand fraction (Chisholm,
1965; Crawford, 1967; Jacob, 1975; and Steiner, 1979). In addition, Royce
(1970) presented limited data on the carbonate-mineral content of the coal-
bearing sediments. Most of these studies involved either a limited number
of samples or limited geographic and stratigraphic distribution of samples.

Bulk mineralogical analytical data for these sediments are extremely
sparse in previous studies. This study proceeded with the assumption that
the most critical mineralogical data needs with respect to hydrogeochemical
concern were in the areas of bulk mineralogy, clay mineralogy, and sulfide
determinations. The bulk mineralogy, the clay mineralogy, and sulfide
mineralogy of the overburden samples obtained from the four study sites
were evaluated using X-ray diffraction (XRD).

Bulk Mineralogy

Portions of all 123 Shelby tube samples were studied by X-ray dif-
fraction (table 1). A Philips diffractometer equipped with a proportional
counter, diffracted beam graphite monochromator, theta compensating slit
and strip chart recorder was used. The X-radiation was CuKa (=
1.54178 IO%) and the instrument was operated at 37 kV and 17-18 mA with
the goniometer and recorder set for a scan rate of 2°26 per minute, time
constant of two seconds and scale factor of 500 counts per second (cps).

Two sets of samples were collected from the Shelby tubes for bulk min-
eralogical analysis. Three-inch (7.6 cm) sections were cut from all 123
tubes and split into thirds for the bulk mineralogy, for the clay mineralogy
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TABLE 1.--Overburden Shelby tube samples utilized in this study
indicating textural, bulk analyses, clay mineralogical analyses,

laboratory experimentation, and sulfur analyses performed on each sample.

Location Depth (ft)* Test Depth (ft)* Test
CENTER 361 0 - 2.5 a CONSOL 31 2 = 4.5 cba
3 -4 ba 4.5- 7 ba
7 -9.5 ba 7 -9.5 cba
12 -14.5 a 12 -~14.5 cba
17 -19.5 cba 14.5-17 cbha
22 -24.5 ba 17 =19.5 cha
27 =29.5 ca 19.5-22 cba
32 -34.5 a 22 =24.5 cbad
37 =39.5 ba 24.5-27 cba
39.5-41.5 ba 27 -29.5 ba
42 =44.5 cba 29.5-32 ba
44 .5-46.5 baa 32 =34.5 cba
47.5~49.5 ba 34.5-37 cbad
49.5-52 cbaa 37 -39.5 bad
54.4-57 baa 39.5-42 cbad
54.5-57 baa 44.5-46.5 bad
57 -59 a 46.5-47.5 ca
47.5-49.5 cba
CENTER 366 5.5~ 7 ba 49 .5-52 ba
9.5-12 cba 52 -54.5 cbad
19.5-22 ca 54.5-56 bad
22 -=24.5 ba 56 -57.5 ba
27 -29.5 ba
29.5-31.5 cba INDIAN HEAD X-2 2 = 4.5 cba
34.5-37 ba 4.5- 7 cba
39.5-42 ba I -9.5 ba
45 =47 ba 9.5-12 ba
50 =-=52.5 caa 12 -14.5 cba
54.5-57 baa 14.5-17 ba
17 -19.5 cba
CENTER 380 2 = 4.5 cba 19.5-22 ba
4.5- 7 cba 22 -24.5 ba
7 =-29.5 a 24.5=27 cba
9.5-12 cba 27 =29.5 ba
12 -14.5 ba 29.5-30.5 cba
14.5-17 cba 34 =36.5 ba
17 -19.5 bad 36.5-38 ca
19.5-22 cba
22 -24.5 baa FALKIRK 514 7 - 9.5 ba
24,5-27 cbad 9.5-12 ba
27 =29.5 bad 12 -14.5 cba
29.5-32 ca 14.5-16 a
32 -34.5 ba 19.5-22 ba
34.5-37 cbaad 22 =24.5 ba
37 -38 bad 24.5-27 a
42  -44.5 cbad 27 =-29.5 ca
44 .5-47 ba 34.5-37 ba
47 -48.5 bad 37 =39.5 a
48.5-49.5 a 47 =49.5 a
49.5-50.5 cad 45




TABLE 1.--Continued
Overburden Shelby tube samples utilized in this study indicating
textural, bulk analyses, clay mineralogical analyses, laboratory
experimentation, and sulfur analyses performed on each sample.

Location Depth (ft)* Test Location Depth (ft)* Test
FALKIRK 526 27 =28.5 cbaad FALKIRK 576 2.5- 3.5 ba
29.5-30.5 ca 7.5-10 cba
32 =-34.5 ba 12.5-15 ba
37 =-39.5 bad 17.5-20 cba
39.5-42 bad 22.5-25 cba
42 =44.5 bad 27.5-30 ba
44 .5-47 bad 32.5-35 cba
47 -49.5 bad 37.5-38.5 a
49.5-52 cad 40 =-42.5 ba
47.5-50 cba
FALKIRK 561 27 -=29.5 cba 52.5-55 cba
29.5-30.5 a 57.5-59.5 ba
32 -34 a 62.5-65 cbha
34 =35 a 67.5-70 ba
37 =38 a 72.5-75 cba

aAnalyzed by X-ray diffraction for bulk mineralogy and clay mineralogy;
also textural analysis.

bAnalyzed by X-ray diffraction for bulk mineralogy; also textural analyses.

c . . . . .
Laboratory experimentation (exhaustive leaching, accelerated weathering,
and pan experiments).

dSulfur determination

;Multiply by 0.3048 to convert to metres.
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TABLE 2.--X-ray reflections used in mineral analyses.

Mineral 26 (CuXx) d (X)
Quartz 20.9 4.26
Plagioclase 27.9-28.1 3.20-3.18
Alkali Feldspar 27.4-27.6 3.25-3.23
Dolomite 30.9 2.89
Calcite 29.4 3.04
Gypsum 11.6 7.63
Pyrite 33.1 2.71
Siderite 31.7 2.82
Mica~Illite 8.8 10.0
Smectite 6.3~ 7.2 14.0-12.5
Chlorite & Kaolinite 12.3-12.4 7.2- 7.1

and texture analysis, and for the leaching tests. Another sampling was
made of the center of 97 of the Shelby tubes for bulk mineralogical and
additional textural analyses (table 1). The textural data are discussed in a
later section of this report. The samples for X-ray analysis were air-dried.
An approximately 300 g sample was ball milled for grinding and homogeniza-
tion. One or more portions were packed into an aluminum specimen holder.
As a test of reproducibility and sample homogeneity, several cores were
put through the sampling and X-ray analysis eight times.

A data analysis scheme recommended by Griffin (1971) was adopted at
the start of the study for comparisons of the mineralogies in the samples.
The heights of characteristic strong reflections of each mineral were mea-
sured. Table 2 contains the 286 and d values for each of the minerals
observed in at least one of the samples.

The typical sample contained approximately eight minerals detectable by
the X-ray technique and some had as many as twelve. Overlaps of weak
reflections from other minerals with the characteristic reflections listed in
table 2 are unavoidable, and it was anticipated that this would present
difficulties in efforts to use the results quantitatively. Two other factors
militate against quantitative mineralogical analysis in such samples. Certain
minerals (especially clays and gypsum) will have varying degrees of pre-
ferred orientation from sample to sample so that the reflection chosen for
the analysis will be unpredictably enhanced or suppressed from sample to
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sample. The most severe factor is the great difficulty in insuring that the
very small area sampled by the X-ray beam contains all minerals in pro-
portions representative of a bulk sample where the constituent minerals
differ so much in hardness, size, and habit. It was hoped that at least the
results for minerals as similar as calcite and dolomite might be used quanti-
tatively so particular attention was given to these. For the rest of the
minerals, examination of the peak height trends and the reproducibility
tests indicated that the bulk mineralogical results could only be used
gualitatively.

Clay Mineralogy

Further study of the clay mineralogy in 112 of the 7.6 cm bottom
section samples was carried out. The < 2ym fraction of each sample was
separated and oriented clay specimens were prepared for X-ray diffraction
study. The procedures used were adapted from those in use by the NDSU
Soils Department.

A representative sample of each core was ground with a mortar and
pestle sufficiently to break up larger agglomerations and 10 g of this
ground sample was used to prepare a 7 weight percent (wt %) aqueous
suspension. Next, 24 ml of 50 g/L solution of sodium hexametaphosphate
was added to the suspension to serve as a dispersing agent and to make
the smectite clays homoionic. The suspension was mixed for five to six
minutes with an electric mixer and subjected to ultrasound for five minutes
to insure good disaggregation of the particles.

The > 50 um sand fraction was removed by passing the suspension
through a 300-mesh sieve. The silts and clays were washed free from the
sand into a clean glass bottle. The sand was then transferred to a 50 ml
beaker, dried in an oven at 110°C, and retained for XRF analysis.

The bottle containing the silt and clays was filled to the 900 ml mark
with deionized water. This suspension was mixed for two to three minutes
with a rubber-bladed mixer and the bottle was inverted 20 times immedi-
ately before being placed in a 30°C constant temperature bath. Stokes law
was used to compute the time required for the 2y m size particles to settle
to a depth of 10 cm (6 hours, 7 mihutes at 30°C). The <2 um clay fraction
was then removed by inserting a pipette and drawing off the clay particles
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with suction. The pipetting apparatus was set up to allow one to just make
contact between the pipette tip and surface of the suspension, and then to
lower the pipette exactly 10 c¢cm before suction was applied in an effort to
disturb the suspension as little as possible during the suction period.

The remaining silt and clay suspension was allowed to stand overnight
to insure that all of the silt-sized particles had settled to the bottom of
the bottle. The excess liquid was then decanted from the settled silt and
the silt collected and dried. The clay suspension drawn off with the
pipetting apparatus was transferred to 300 ml beakers. A hollow ceramic
"candle" was then placed in the beaker and suction applied to collect the
clay particles. After a layer of clay particles had accumulated on the
candle, back pressure was used to "sheet" off the clay which was then
stirred into a thick paste with a rubber spatula. The paste was trans-
ferred to a glass slide with a smear-type technique and allowed to air-dry.
Two slides of each sample were prepared. This method of X-ray diffraction
slide preparation was chosen because the short drying time and settling
interference minimizes particle segregation such as that which typically
occurs with larger illite and chlorite and typically much smaller smectite
clay particles. Because smectite settles out last from a water slurry, its
reflections would be stronger in the X-ray diffractograms. This problem
was minimized with the method adopted in this study.

The oriented slides were scanned from 2-30° at 2°26/minute with the
scale factor adjusted to place all reflections on the strip chart. Room
humidity was not controlled and varied between 30 and 60 percent during
the summer months of 1981 when the work was done.

Initial interpretation suggested that the clay fractions consisted only of
a smectite, mica-illite, chlorite, and minor Kkaolinite. To confirm this,
several dozen specimens were treated with ethylene glycol at 60°C over-
night. This expanded the smectite (001) spacing from 12—152 to about 178
and confirmed the presence of non-expanding chlorite. These specimens
were then fired at 550°C for one hour. This treatment destroyed the
crystallinity of kaolinite and eliminated the (003) of chlorite while leaving
the (001) and (002), thereby confirming their preliminary identification.

Thus, with a few exceptions, the clay minerals proved to consist only
of a smectite, mica-illite, chlorite, and kaolinite. The exceptions were the
occasional appearance of a mixed layer smectite-illite.
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To enable ranking of the clay minerals in order of relative abundance,
four standard API clays (Na-montmorillonite in Wyoming bentonite, Fithian
illite, Georgia kaolinite, and a chlorite) were mixed in various proportions
and run through the same treatment and specimen preparation as the core
specimens. Their diffractograms were used as comparison standards in
determinations of relative abundance. Because it was realized that these
standards were likely to differ in chemistry and crystallinity from the clay
minerals in the cores, no attempt was made to interpret the results more
quantitatively.

It was anticipated from previous work (Emanuel et al., 1976; Brekke,
1977) that the smectite clay was Na-montmorillonite. In order to confirm
this, ten randomly selected cores were run through the separation treat-
ment using deionized water instead of the sodium hexametaphosphate solu-
tion as the dispersal medium, thereby retaining the exchange cation(s).
When the resulting X-ray specimens were scanned with a room humidity
near 40 percent, the (001) spacing of the smectite was found to be in the
range 12.5-13%, which indicated that the smectite was chiefly Na-
montmorillonite. A spacing of approximately 153 would have indicated
Ca-montmorillonite.

Sulfide Mineralogy

The presence of FeS2 as pyrite and/or its polymorph marcasite figures
in the geochemical modeling described elsewhere in this report. Pyrite was
observed in only five of the bulk X-ray diffractograms. To learn whether
pyrite was more widespread, but present below the detection limit of the
bulk X-ray measurements, a systematic examination of the sand and silt
fractions from the separations described above was made.

First, X-ray fluorescence with a KEVEX energy dispersive unit was
used to screen all sand and silt fractions. Specimens with a sulfur Kg,08
signal (detection limit about 1 wt % pyrite) were next examined by X-ray
diffraction to determine whether the sulfur was due to pyrite (rather than
sulfates such as gypsum). All sand fractions with sulfur signals were put
through a heavy mineral separation using bromoform, and the heavy por-
tions were also examined with an optical microscope at 60X and by X-ray
diffraction. The instrument was run with relatively high sensitivity set-
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tings (40 kV 20 mA, 100 cps scale factor) and it was established that
pyrite could be observed at the 2 weight percent level in a matrix of the
typical minerals observed in the core specimens. The technique readily
distinguishes the pyrite and marcasite forms of Fe82 and in several cases
a mixture of both forms was observed.

Sulfur Analyses

Sulfur analyses were performed on selected samples from one test hole
at each of the four mine sites. Samples from each test hole were selected
(table 1) which represented as wide a range as possible of textural types
as well as oxidized and unoxidized sediments (table 3).

The procedure for sulfur analyses of overburden samples involved
mixing one part solum (about 4 g) with five parts (20 ml) of pH 4.5
acetate buffer (Chesnin and Yien, 1950) and mixed intermittently with a
vortex mixer over a three~hour period (Hesse, 1971). The sample was
centrifuged, drained, and washed four times with distilled water. Centri-
fugation was used between each washing to separate sample from wash
solution. After drying for approximately six hours at 95-100°C, the sam-
ples were ground and analyzed for total sulfur. The separation scheme was
as follows:

Overburden Leco

sample method —— —Total sulfur

Extract with
pH 4.5 acetate buffer

Liquid Dry solids

r |
Sulfate sulfur Sulfide sulfur
thio amino-acids Elemental sulfur

Residual sulfur

Leco method for
total remaining
sulfur
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TABLE 3.--Samples used for sulfur analyses.

Location Depth (ft)=* Lithology

CENTER 380 17 -19.5 clay, silty, oxidized
24.5-27 silt, clayey, sandy, oxidized
27 -29.5 clay, sandy, unoxidized
34.5-37 clay, carbonaceous, unoxidized
37 -38 silt, carbonaceous, unoxidized
42 -44.5 clay, carbonaceous, unoxidized
47 -48.5 clay, unoxidized
49.5-50.5 clay, unoxidized

CONSOL 31 22 -24.5 silt, unoxidized
34.5-37 silt, clayey, unoxidized
37 -39.5 clay, silty, unoxidized
39.5-42 silt, sandy, unoxidized
44.5-46.5 clay, unoxidized
52 -54.5 clay, unoxidized
54.5-56 clay, unoxidized

INDIAN HEAD X-2 17 -19.5 clay, oxidized
19.5-22 clay, oxidized
22 -24.5 clay, slightly oxidized
24.5-27 clay, silty, slightly oxidized
27 -29.5 silt, sandy, carbonaceous, slightly

oxidized

FALKIRK 526 27 -28.5 clay, oxidized
37 -39.5 sand, silty, unoxidized
39.5-42 silt, sandy, unoxidized
42 =44.5 sand, silty, unoxidized
44 .5-47 silt and sand, unoxidized
47 -=49.5 silt, sandy, unoxidized
49.,5-52 silt, sandy, unoxidized

hMultiply by 0.3048 to convert to metres.
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The detection limit was 0.003 percent. By this scheme the polysulfide and
monosulfide constituents were not separated (Karchmer, 1970). The final
weight of dry solids was corrected to weight before extraction when calcu-
lating S content.

Saturated-Paste Extract Data

The saturated-paste extract test is a procedure used to measure the
content of salts in a soil or sediment sample. Whether the sample is a
core or a cutting sample, it is removed essentially instantaneously from its
original position. The pore fluid in the sample, whether the sample is
completely or only partly saturated, does not have time to drain and is
removed along with the sample. The sample is next transferred to the
laboratory where it is dried. When the sample is dried, ions in the pore
water are precipitated in the pore space.

After drying, water is added to the sample to form a very wet paste
(United States Salinity Laboratory Staff, 1954, p. 84, 88). When the
sample is resaturated with distilled water, the salts that were precipitated
in the pore space are redissolved. If the water content of the sample were
increased just to the natural water content, the concentration and compo-
sition of the pore water would be about the same as in the original sample.
However, the water content of the saturated paste is considerably above
the natural water content. In overburden samples in western North Dakota,
water content from 30 percent to over 100 percent is required to reach the
saturation limit. Regardless of these limitations, this procedure is the most
reliable test of pore water chemistry presently available.

Saturated-paste extract tests were performed on 44 samples of spoils
which were obtained from the Center and Indian Head Mines (app. C). The
samples were obtained from either immediately below the topsoil or within
several inches of the spoils surface in areas that had not been topsoiled.
The samples were obtained for purposes of comparing pore water chemistry
in the spoils at these two mines with spoils groundwater chemistry.
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Subsurface Water Instrumentation

Piezometers

Approximately two hundred seventy-five piezometers have been in-
stalled within the spoils and unmined areas at the Center and Indian Head
Mines. The piezometers were screened at various stratigraphic positions at
both mines. The purpose of this instrumentation was to gather base-line
data on the occurrence, flow, and chemistry of groundwater in unmined
and spoils settings.

At the Indian Head Mine, groundwater instrumentation was located in
undisturbed areas adjacent to the mine and within two study plots in areas
of reclaimed spoils (fig. 12). The spoils study plots are identified as the
Montana State University (MSU) and USBM plots (fig. 12). The locations of
piezometers in these two spoils test plots are shown in figures 13 and 14.
Most of the instrumentation in the undisturbed settings was destroyed by
mining activity during the course of the project. Therefore, most pre-
mining groundwater chemical data from the Indian Head Mine was collected
during the beginning phase of the project (app. D). Groundwater instru-
mentation at the Indian Head Mine was designed to monitor three strati-
graphic positions. These were the lignite which is being mined (the
Beulah-Zap bed), the base of the spoils, and a lignite about 10 metres
below the spoils (Spaer bed).

Groundwater instrumentation at the Center Mine was located in undis-
turbed settings adjacent to the mine (fig. 15) and in several test plots
within the reclaimed spoils (figs. 16a-j). Groundwater instrumentation at
the Center Mine was more extensive than at the Indian Head Mine. This
was due to the fact that several other groundwater research projects were
ongoing at the Center Mine during the period of this study. This resulted
in the availability of considerable groundwater chemical data from Center.
Although some of these data may not be essential to the present study, all
have been included in appendix D.

Groundwater instrumentation at the Center Mine was designed to moni-
tor several stratigraphic positions. These stratigraphic positions include
the upper lignite (Kinneman Creek bed), the lower lignite (Hagel bed),
the base of the spoils, a silty sand unit generally less than five metres
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Figure 16g. Location of piezometers in spoils area G at the Center Mine. See figure 15 for location of area G.
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Figure 16h. Location of piezometers in spoils area H at the Center Mine. See figure 15 for location of area H.
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Figure 16i. Location of piezometers in spoils area I at the Center Mine, See figure 15 for location of area 1.
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below the Hagel bed or base of spoils, and a silty sand to silt unit typi-
cally between 10 and 15 metres below the Hagel bed or base of spoils.

Tables 4 and 5 list the piezometers and stratigraphic positions of the
screened intervals for each installation at the two mines. All groundwater
chemical data from piezometers are included in appendix D. As is evident
from table 4, certain piezometers in spoils at the Center Mine are screened
near buried thermoelectric wastes (fly ash and FGD waste). Groundwater
chemical data from any piezometer showing impacts of dissolution of these
wastes were not used in this study and are not included in appendix D.

All piezometer test holes were drilled utilizing a rotary drilling rig.
With few exceptions, the piezometer test holes were drilled using only air
for circulation, thereby eliminating potential chemical contamination associ- .
ated with the injection of fluids during drilling operations.

The majority of the piezometers consist of 5-cm-diameter PVC pipe with
a 1.5 metre preslotted PVC screen (slot size 0.5 mm). Several of the
piezometers consist of 10-cm-diameter PVC pipe. Washed sand was packed
around the screened interval. Grout was then emplaced from the top of the
sand pack to the surface. A more detailed discussion of well installation
and sampling procedures can be found in Groenewold et al., 1979. Water
levels in all the piezometers were monitored on a monthly basis. These data
were used to develop an interpretation of groundwater flow in the study
areas. In addition, single-well-response tests of selected piezometers were
conducted to determine the hydraulic conductivities of the spoils and
various undisturbed units.

Pressure-Vacuum Lysimeters (Soil Water Samplers)

Pressure-vacuum lysimeters were installed in nests in several locations
in both spoils and undisturbed materials at the Center and Indian Head
Mines. A more complete description of pressure-vacuum lysimeters can be
found in Parizek and Lane (1970) and Wood (1973).

The pressure-vacuum lysimeters were utilized to obtain samples of pore
water from various positions in the unsaturated zone in both undisturbed
and spoils settings. The nests of pressure-vacuum lysimeters were installed
adjacent to piezometer nests and were identified accordingly. (See figs.
13, 14, 15, and 16a-j.) Table 6 lists all the pressure-vacuum lysimeters at
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TABLE 4.--Stratigraphic position of screened interval
of plezometers in undisturbed and spoils areas at the
Center Mine.

48 21.
49 21

Base of spoils
Base of spoils

Piezometer Depth Stratigraphic Position
Number (m)
1 41.5 Hagel bed
2 55.0 Silt 15 m below Hagel
3 39.4 Hagel bed
5 35.6 Hagel bed
6 41.5 Hagel bed
9 15.1 Base of spoils
10 16.3 Base of spoils, fly ash
10A 15.2 Base of spoils
10B 14.4 Base of spoils
10C 15.3 Base of spoils
10D 16.6 Base of spoils
10E 18.6 Silt 5 m below spoils
10F 17.8 Silt 3 m below spoils
11 15.8 Base of spoils
11A 14.3 Base of spoils
12 28.8 Silt 12 m below spoils
13 12.8 Base of spoils
14 14.5 Base of spoils
15 27.2 Silt 12 m below spoils
16 15.5 Base of spoils
19 28.3 Silt 12 m below spoils
19A 22.7 Silt 12 m below spoils
20 20.2 Base of spoils
22 29.0 Silt 12 m below spoils
23 17.6 Base of spoils
24 30.7 Silt 12 m below spoils
26 20.4 Base of spoils
27 16.8 Base of spoils
29 37.1 Silt 12 m below spoils
30 24.7 Hagel bed below spoils
31 30.6 Silt 15 m below Hagel
32 16.3 Hagel bed
33 3545 Silt 18 m below Hagel
34 23.1 Sand 5 m below Hagel
36 18.7 Sand 3 m below spoils
37 9.8 Base of spoils
38 227 Sand 8 m below spoils
39 17.4 Base of spoils
40 23.6 Sand 5 m below spoils
42 24.0 Sand 3 m below spoils
44 21.8 Silt 8 m below spoils
45 15.8 Base of spoils
46 13.4 Base of spoils
47 23.6 Silt 2 m below spoils
7
5
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TABLE 4.--Continued

Stratigraphic position of screened interval of piezometers
in undisturbed and spoils areas at the Center Mine.

Piezometer Depth Stratigraphic Position
Number (m)
50 17.4 5 m above base of spoils
51 27.4 Silt 5 m below spoils
52 23,1 Base of spoils
53 24.2 Base of spoils
54 19.4 5 m above base of spoils
55 28.0 Silt 3 m below spoils
56 24.2 Base of spoils
57 21.4 3 m above base of spoils
58 24.0 Base of spoils
29 21.8 Base of spoils
60 16.9 5 m above base of spoils
61 24.0 Silt 2 m below spoils
62 22.2 Base of spoils
63 24.1 Base of spoils
64 27.8 Silt 3 m below spoils
65 24.7 Base of spoils
66 22.4 Base of spoils
67 17.0 5 m above base of spoils
68 18.3 Base of spoils
69 27.8 Base of spoils
70 25.0 Base of spoils
71 22.1 Base of spoils
72 27.9 Silt 3 m below spoils
73 25.4 Base of spoils
74 29.3 Base of spoils
75 27.9 Base of spoils
76 27.0 Base of spoils, 18 m below FGD waste
76W 24.8 Base of spoils
77 6.4 Below FGD waste
78 4.3 FGD waste
79 27.2 Base of spoils, 19 m below FGD waste
79R 25.4 Base of spoils, 17.5 m below FGD
waste
80 10.4 1.5 m below FGD waste
81 8.5 FGD waste
82 27 .6 Base of spoils, 17 m below FGD waste
82R 25.7 Base of spoils, 15 m below FGD waste
83 11.9 Base of spoils, 1.5 m below FGD
waste
84 10.1 FGD waste
85 27.5 Base of spoils
86 9.0 Offset from FGD waste
87 8.5 Offset from FGD waste
88 Bt FGD waste
89 29.1 Silt 6 m below spoils
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TABLE 4.--Continued
Stratigraphic position of screened interval of piezometers
in undisturbed and spoils areas at the Center Mine.

Piezometer Depth Stratigraphic Position
Number (m)
90 23.4 Base of spoils, 15.5 m below FGD

waste

90W 27.0 Base of spoils, below FGD waste
91~ 23.2 Base of spoils
92 20.4 3 m above base of spoils
93 28.8 Silt 2 m below spoils
94 8.4 FGD waste and bottom ash
95 22:5 Base of spoils
96 27.7 Silt 5 m below spoils
97 20.7 Base of spoils
98 19.7 Base of spoils
99 21.0 Base of spoils, below FGD waste at
unknown depth
100 23.2 Base of spoils
101 25.1 Base of spoils
102 26.6 Silt 2 m below spoils FGD waste (?)
104 21.5 Base of spoils
105 28.0 Silt 5 m below spoils
106 23.7 Base of spoils
107 31.1 Base of spoils
108 20.3 Base of spoils
109 31.4 Base of spoils
110 36.3 Silt 4 m below spoils
111 32.5 Base of spoils
112 29.6 Base of spoils
112R 27.9 Base of spoils
113 29.6 Silt 4 m below spoils
114 24.0 Base of spoils
114R 21.0 Base of spoils
115 23.0 Base of spoils
115W 21.0 Base of spoils
116 23.9 Silt 5 m below spoils
117 18.3 Base of spoils
118 17.4 Base of spoils
119 18.1 Base of spoils
120 15.6 Base of spoils
121 21.0 Silt 5 m below spoils
122 15.9 Base of spoils
123 16.1 Base of spoils
124 17.9 Base of spoils
125 17.9 Base of spoils
126 23.4 Silt 5 m below spoils
127 17.2 Base of spoils
128 16.9 Base of spoils
129 17.7 Sand 4 m below spoils
3

130 13. Base of spoils
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TABLE 4.--Continued
Stratigraphic position of screened interval of piezometers
in undisturbed and spoils areas at the Center Mine.

Piezometer Depth Stratigraphic Position
Number (m)

131 10.7 Base of spoils, bottom ash

132 15.4 Base of spoils

133 15.7 Base of spoils, offset, 20 m from
fly ash

134 20.7 Sand 5 m below spoils

135 18.0 Base of spoils

136 21.1 Sand 6 m below spoils; 5 m below
fly ash

137 14.3 Base of spoils, at three positions
7.5 m below fly ash

138 7.1 Fly ash and bottom ash

139 15.6 Base of spoils, 7.5 m below fly ash

140 8.0 Fly ash and bottom ash

141 12.0 Fly ash and bottom ash

142 14.2 Sand 1 m below spoils and unmined
coal; 5 m below bottom ash and fly
ash (?)

143 29.3 Base of spoils, 21 m below FGD waste

144 26.5 Base of spoils, 18 m below FGD waste

145 24.9 Base of spoils, 18 m below FGD waste

146 22.4 Base of spoils, 17 m below FGD waste

147 6.2 FGD waste

148 15.2 Silt 5 m below spoils

149 10.4 Hagel bed

150 5.3 FGD waste

151 17.3 Hagel bed

152. 21.5 Silt 5 m below Hagel

153 15.6 Hagel bed

154 10.6 Base of spoils

155 127 Hagel bed

156 17.1 Silt 5 m below Hagel

157 11.5 Hagel bed

158 9.5 Hagel bed

360AR 31.7 Silty sand 15 m below Hagel

360BR 15.3 Hagel bed

361A 19.7 Kinneman Creek bed

361R 34 .1 Hagel bed

362 25.7 Silty sand 15 m below Hagel

3624 9.7 Hagel bed

363 25.6 Silty sand 15 m below Hagel

363A 12.4 Hagel bed

364 24.2 Hagel bed

364A 9.3 Kinneman Creek bed

365 43.8 Silty sand 15 m below Hagel
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TABLE 4.--Continued
Stratigraphic position of screened interval of piezometers
in undisturbed and spoils areas at the Center Mine.

Piezometer Depth Stratigraphic Position
Number (m)

365A 28.6 Hagel bed
365B 13.9 Kinneman Creek bed
366 35.7 Hagel bed
366A 20.6 Kinneman Creek bed
367 56.4 Hagel bed
367A 41.8 Kinneman Creek bed
368 34.9 Hagel bed
368A 23.4 Kinneman Creek bed
369 39.5 Hagel bed
369A 33.0 Kinneman Creek bed
370A 11.8 Kinneman Creek bed
370R 31.3 Hagel bed
371 3.7 Hagel bed
371A 21.9 Kinneman Creek bed
372 14.9 Hagel bed
372A 9.8 Kinneman Creek bed
373A 25.6 Hagel bed
373B 13.1 Kinneman Creek bed
381 17.0 Sand 5 m below Hagel
382 49.9 Hagel bed
382A 30.1 Kinneman Creek bed
383 15.0 Silty sand 9 m below Hagel
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TABLE 5.--Stratigraphic position of screened interval of
piezometers in undisturbed and spoils areas at the
Indian Head Mine.

Piezometer Depth Stratigraphic Position
Number (m)
UNDISTURBED
X-2 25.0 Sand 21 m above Beulah-Zap bed
6 21.3 Beulah-Zap bed
14 19.9 Beulah Zap bed
97 40.8 Sand 9 m below Beulah-Zap bed
98 27.0 Beulah-Zap bed
99 36.9 Beulah-Zap bed
117 21.0 Beulah-Zap bed
127 27.7 Beulah-Zap bed
149 48.1 Sand 21 m above Beulah-Zap bed
USBM SPOILS TEST PLOT
1 27.5 Spaer bed
2 18.6 Base of spoils
2W 19.6 Base of spoils
3 24.4 Spaer bed
4 11.7 Base of spoils
5 19.6 Spaer bed
6 11.8 Base of spoils
7 7.7 5 m above base of spoils
8 16.2 Base of spoils
9 12.5 5 m above base of spoils
10 23.6 Spaer bed
11 16.2 Base of spoils
12 11.2 5 m above base of spoils
13 11.4 Base of spoils
14 6.9 5 m above base of spoils
15 10.4 Base of spoils
16 18.7 Spaer bed
17 10.8 Base of spoils
18 1:5 5 m above base of spoils
19 7.0 Base of spoils
20 14.9 Base of spoils
21 10.9 5 m above base of spoils
22 18.0 Base of spoils
23 14.4 5 m above base of spoils
24 17.0 Base of spoils
25 121 5 m above base of spoils
26 16.2 Base of spoils
27 20.0 Base of spoils
28 5.4 S5 m above base of spoils
29 24.6 Spaer bed
30 16.2 Base of spoils
30W 17.4 Base of spoils
31 12.3 5 m above base of spoils
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TABLE 5.--Continued
Stratigraphic position of screened interval of piezometers
in undisturbed and spoils areas at the Indian Head Mine.

Piezometer Depth Stratigraphic Position
Number (m)

32 9.3 Base of spoils
33 5.2 5 m above base of spoils
34 16.0 Spaer bed

35 7.8 Base of spoils

36 7.5 Base of spoils

37 21.3 Spaer bed

38 9.6 Base of spoils
39 5.8 5 m above base of spoils
40 6.8 Base of spoils
41 14.1 Base of spoils
42 14.8 Base of spoils
43 11.6 Base of spoils

43W 10.4 Base of spoils
44 6.1 5 m above base of spoils
MSU SPOILS TEST PLOT

1 26.6 Spaer bed

2 24.4 Spaer bed

3 15.9 Base of spoils

4 26.2 Spaer bed

5 15.1 Base of spoils

6 26.5 Spaer bed

7 19.9 Base of spoils

8 26.7 Spaer bed

9 13.6 Base of spoils

10 18.5 Base of spoils

11 15.2 Base of spoils

12 16.8 Base of spoils

13 24.8 Spaer bed

14 15.7 Base of spoils

15 13..1 Base of spoils

16 212 Spaer bed

17 13.1 Base of spoils

18 15.3 Base of spoils

19 17.4 Base of spoils

20 28.1 Spaer bed

21 25.4 Spaer bed
22 30.0 Spaer bed
23 26.3 Spaer bed

%See figures 12, 13, and 14 for locations.
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TABLE 6.--Depth of pressure-vacuum lysimeters
installed in undisturbed settings and spgils at
the Center and Indian Head Mines.

Pressure-Vacuum Pressure-Vacuum
Lysimeter Depth (m) Lysimeter Depth (m)

CENTER MINE (SPOILS)

15-1 11.60 90-3 4.90
15-2 8.75 90-4 2.60
15-3 5.70 99-1 10.40
15-4 2.60 99-2 9.00
69-1 11.70 99-3 7.35
69-2 8.70 99-4 5.70
69<3 5.60 99-5 3.40
69-4 2.55 136-1 14.33
74-1 11.70 136-2 12.50
74-2 8.65 136-3 10.82
74~-3 5.70 136-4 3.66
T4-4 2.70 139-1 12.04
80-1 12.40 139-2 10.52
80-2 10.75 139-3 9.15
80-3 9.25 139-4 7.92
80-4 8.25 139-5 3.66
80-5 6.70 143-1 6.95
90-1 9.15 143-2 5.0
90-2 7.50 146-1 4.80
CENTER MINE (UNDISTURBED)
367-1 3.96 368-1 4.85
367-2 1.68 368-2 3.35
367<3 7.47 368-3 1.50
367-4 10.82
INDIAN HEAD MINE (USBM SPOILS TEST PLOT)
34-1 5.65 38-3 4.15
34-2 4,20 38-4 1.15
34-3 2.65 44-1 4.75
38-1 10.10 44~2 3.30
38-2 7.20 44-3 1.90
INDIAN HEAD MINE (UNDISTURBED)
117-1 8.84 117-4 3.00
117-2 6.80 117-5 1.65
117-3 4.75

a . ; A ; 3
Pressure-vacuum lysimeters are identified according to adjacent
piezometer numbers. See figures 12, 14, 15, and 16 for locations.
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the Center and Indian Head Mines and indicates the position of the intake
zone of each. Analytical data for water samples obtained from this instru-
mentation are included in appendix D.

Groundwater Sampling Procedure

Typically, three different samples were collected from each piezometer;
these included samples for major ions (Ca2+, Mg2+, Na+, K+, 5042-, cl,
NOS-, FY), hardness, total alkalinity, total dissolved solids, trace metals
(Fe, Mn, Ni, Cu, Cd, Se, As, and Pb), and isotopes (180, 3H). Sampling
of soil water samplers (pressure-vacuum lysimeters) followed procedures
as discussed in the previous section and typically resulted in sufficient
sample for analyses of only trace, or trace and major constituents. Before
taking a sample from a piezometer, the well was bailed until at least three
times the volume of water standing in the well was removed. A bailer was
used to collect the sample.

The pH, electrical conductivity, and temperature of the water were
recorded in the field and sent to the lab with the sample. Dissolved oxy-
gen was also recorded at some sites before and after bailing.

Water was collected in one-guart bottles for analysis of major ions, one

180. The major

pint for trace metals, one-half pint for 3H, and 100 ml for
ions and trace metals samples were filtered through 0.45um paper using a
pressurized filtration unit with a nitrogen gas drive (Ghering, 1876). The
organic carbon samples were filtered through a 0.45um silver filter.

The major ions and trace metal samples were placed in plastic bottles

180 samples were placed in 100 ml glass serum

with screw-on caps. The
vials with rubber stoppers and the 3H samples were placed in eight-ounce
glass bottles with screw-on metal caps. The isotope sample containers were
filled to the top to exclude air.

The trace metals samples were preserved with 5 ml of concentrated
Reagent grade nitric acid. The major ions, organic carbon and the isotope
samples did not require any preservatives. The samples were labeled
(sample identifier, well depth, date, pH, temperature, electrical conduc-
tivity, preservatives, and whether the sample was filtered), placed in

styrofoam coolers packed with ice, and shipped by bus to the lab.
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Groundwater Analyses
Major/Trace

The following methods of analysis were used on western North Dakota
water samples since they were the most precise and the most efficient of
the published procedures for the determination of large numbers of samples
of western U.S. groundwaters (Williams et al., 1978).

Total hardness and alkalinity were determined volumetrically using
Eriochrome Black T and a mixed bromcresol green/methyl red as the indi-
cators. Total carbonate was determined by measuring the pH of the sample
and total alkalinity.

The sulfate was determined indirectly using ion exchange and was
measured spectrophotometrically at 240 nm.

The chloride was determined coulometrically using a KIM minicomputer.

The nitrates were analyzed using the brucine method and monitoring
the line at 410 nm, the intensity of which is related to the concentration of
the nitrate-brucine complex.

Conductivity was measured using a digital conductance meter and
corrected to 25°C.

The boron was determined using the curcumin method. Boron forms a
red complex with curcumin and the intensity of the complex is determined
spectrophotometrically at 450 nm.

The following elements were determined by atomic absorption tech-
niques, which have the necessary sensitivity for determination of metals in
trace amounts.

Cu, Mg, Na, and K were determined by flame emission. Standard
solutions were used in these determinations. Magnesium was determined by
the difference between hardness and calcium determined by flame emission.

Mercury was determined by a cold vapor technique and measured by a
Perkin Elmer (P.E.) 603 atomic absorption unit.

The following metals were determined by use of a P.E. 603 equipped
with a graphite furnace. Arsenic was determined by reduction with
NaBH4. A standard prepared from A5203 was used.

Selenium was determined in a similar fashion to arsenic, although the
sample was first digested.
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Cd, Cu, Cr, Fe, Mo, Mn, Ni, and Pb were all measured using suitable
standards. These elements were determined using a P.E. 603 Atomic
Absorption Spectrometer. The standards and conditions for these deter-
minations are given in the appendix.

O-H Isotopes

Isotopic analyses were performed on suitably prepared samples with a
Nuclide 3", 90° magnetic focusing mass spectrometer with dual inlet and
detector systems. Procedures followed closely the techniques used in the
U.S. Geological Survey Isotope Geology Laboratory, Denver, Colorado.
18O/1 60 ratios were measured by determining the CO2 (46/44 amu) relative
peak intensities. CO2 was equilibrated with the water sample of interest
for 24 hours at 25°C prior to the determination. D/H ratios were measured
by determining the HD/H2 relative peak intensity. Hydrogen was liberated
from the water sample of interest by reduction over heated uranium turn-

ings.
Laboratory Weathering Experiments
Choice of Technique

The focus of laboratory experimentation was on determination of the
source and mechanisms of production of sulfate salts from selected over-
burden samplés from the four mine sites. The rate of dissolution of salts is
dependent on many factors in the field (precipitation, permeability, temper-
ature, surface area of soil solids, etc.) and is very difficult to repro-
duce in the laboratory. We chose, therefore, to determine a more funda-
mental parameter than rate, the amount of available salt. This is best
accomplished by exhaustive leaching. This could have been accomplished
by flushing large amounts of water through soil columns, as was origi-
nally proposed for this study, but was done more efficiently by the tech-
niques described below. The selected samples from the wvarious sites used
for laboratory experimentation are shown in table 1.
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Exhaustive Leaching

Work done on western solum at Montana State University had indicated
that eleven pore volumes of water extracted soluble salts either exhaust-
ively or to a constant concentration (Williams et al., 1978). Therefore,
selected soil samples were placed in excess water 8:1 to 64:1 by weight
water:solum. Comparable results were obtained throughout this range for
samples equilibrated at 25°C for at least two hours with continuous
shaking. Extracted materials were analyzed as described in the previous
section. More detail regarding the exhaustive leaching technique is given
in the results section.

Accelerated Weathering Experiments

A set of accelerated weathering experiments was performed to evaluate
the significance of extremes in temperature and pH, and alternate wet/dry
cycles with aeration on the production of sulfate.

Weathering was simulated by subjecting 15 g samples of overburden
in Erlenmeyer flasks to a variety of extremes. Each of these conditions is
described on the title page to appendix F. Where drying is indicated, a
vacuum oven was used.

Pan Experiments

These experiments were designed to test three aspects of overburden
weathering: (1) exposure under milder conditions than tested in the accel-
erated weathering experiment; (2) an open system which would allow for
bacterial action; (3) demonstration of the upward mobility of salts in evapo-
rative conditions.

Selected samples of overburden from the four mine sites were placed in
a mound in a small pan (evaporation dish), with a variety of waters added
at the base. The upper portion of the mound was thus allowed to dry
through evaporation. The pans were then observed to determine if upward
movement of water and resultant precipitation of soluble salts was occur-
ring on the surface of the mound. The different types of water used along
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with photographs (figs. 27-29) of the experiment are available on the
explanation page.

Acid/Base Neutralization of Overburden Samples

A major concern associated with surface mining, particularly in the
eastern United States, is the generation of acid drainage. Although suffi-
cient sulfide is available in western spoils to generate conditions similar to
those common in eastern areas, acid drainage is not commonly seen in this
region. “This suggests a natural buffering capacity within western spoils.
We concluded that a set of simple experiments designed to evaluate the
natural buffering capacity of selected overburden samples should prove
instructive. Both the acid and base neutralization capacity were evaluated.

Small amounts (typically 2.5 g) of selected overburden material were
added to the distilled water and brought to the desired pH with HCI or
NaOH. The overburden samples were selected to evaluate the buffering
capacity of glacial till and a complete range of textural types typical of the
Tertiary sediments. The pH of the fluid was then monitored to evaluate
changes with time.

Flooding Experiments
Background

For the geochemical processes discussed in the hydrogeochemical model
to be relevant to groundwater chemical evolution in spoils settings, as well
as in undisturbed settings, it is essential that water infiltrate below the
rooting 2one in the spoils to the water table. Although not originally
proposed as part of this study, it was determined during the later part of
the project that little if any data was available regarding the recharge
potential of spoils. To address this question, at least in a preliminary
sense, it was concluded that a set of conceptually simple experiments be
attempted in various spoils settings.

These experiments consisted of flooding four diked areas within re-
claimed spoils at the Center Mine with water. Neutron probe access tubes
installed to depths of at least 3.75 m below ground surface were used to
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monitor water movement. Water table wells (piezometers) screened at depths
of 16 to 30 metres below ground surface were present at each site. The
four sites (Ctr 15, Ctr 70, Ctr 74, and Ctr 79) were identified according
to the adjacent piezometers. (See figs. 16a-j.)

Site Descriptions

Sites Ctr 70, Ctr 74, and Ctr 79 were reclaimed under current recla-
mation practices. Site Ctr 15 is located in an area that was not reclaimed
under current reclamation practices. The subsoil and topsoil at site Ctr 15
were not returned in separate lifts as at the other three sites. As ob-
served during drilling, the soil material is a relatively homogeneous dark-
to medium-gray, silty to sandy loam. The spoils at sites Ctr 70 and Ctr 79
were recontoured during the winter with scrapers. The spoils at these
sites consist of dark- to medium-gray, silty clay loam to clay. The depth
to the spoil is approximately 0.85 m at Ctr 70 and 0.50 m at site Ctr 79.
The subsoil at sites Cir 70 and Ctr 79 is buff to brown silty loam and
occurs at depths between 0.15 to 0.25 metres below the surface. The top-
soil at sites Ctr 70 and Ctr 79 is dark-brown to yellow-brown clayey silt to
silty loam. The spoils at site Ctr 74 were recontoured during the spring
with bulldozers. The topsoil and subsocil materials are the same at site Ctr
74 as at sites Ctr 70 and Ctr 79 with the topsoil extending to a depth of
0.30 m and the subsoil extending to 0.90 m.

Methods

Dikes were constructed around each access tube. The rectangular
dikes, 0.6 m tall, were constructed of plywood sheets. The sheets were
buried approximately 0.3 m below ground. The trenches in which the ply-
wood was buried were refilled with bentonite and solum to prevent leakage
around the dike. At site Ctr 74 the diked area covered 4.29 mz. The area
of the other three diked areas was 1.72 mz. All the ponded areas were
covered with plastic to limit evaporation losses during and after the
flooding periods.

The neutron probe access tubes were installed with a Giddings Soil

Probe over a year before the flooding experiments were started. A ben-
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tonite plug approximately 0.25 m thick was placed around the top of each
tube to prevent the migration of water down the walls of the access tube.

Before any site was flooded neutron measurements were taken along
the total length of the access tube. Once flooding began, probe measure-
ments were taken several times an hour for the first one to two hours.
The time interval then steadily increased to one reading every several
hours and eventually reached one reading every 10 to 15 days.

The sites were all flooded as quickly as possible to a depth of approx-
imately 0.10 m at the access tube. This depth was then maintained to with-
in 0.01 m through the flooding period. At site Ctr 74 water was added from
a tank truck. The flow rate was measured periodically with a bucket and
stopwatch. When the infiltration rate into the solum became too low to
maintain with the truck valves the water inflow was turned off and the
water level in the diked area was allowed to fall several centimetres before
more water was added to bring the level back to 0.10 m.

A different flooding procedure was used at the other three sites.
These sites were flooded by hand, transferring water from barrels to the
diked area with a bucket. Buckets of water were added whenever it was
necessary to raise the water back to a depth of 0.10 m.

RESULTS

Textural Analyses

Results of textural analyses obtained at NDSU and at UND are given
as tables 7 and 8, respectively. In the NDSU tests, the overburden mater-
ials were sampled from the bottom 7.6 cm (3 in) portion of all 123 Shelby
tubes that had been used first in the bulk mineralogy, clay mineralogy,
and sulfide studies. In 20 cases, there was insufficient sample for textural
analyses remaining after those studies, so there are blank entries for
these in table 7. The UND samples were taken near the center of the
Shelby tube. As indicated in table 1, a total of 97 samples was available
from this position in the tubes. Because no direct comparisons of results
could be obtained with this sampling scheme, the set of fifteen samples
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TABLE 7.--Texture analyses determined at the North
Dakota State University (NDSU) Soils Department.

Core Depth (m) % Sand % Silt % Clay

CENTER 361 0.69- 0.76 -- -- --
1.14- 1.22 34 24 42

2.82- 2.40 e = =

L.34= 4,42 -- - --

5.87- 5.94 54 17 29

7.34- 7.47 -- -~ --

10.44-10.52 -- - e

11.96-12.04 -- -- -

12.57-12.65 62 11 27

14.10-14.17 i = i

17.30-17.37 43 6 51

CENTER 366 2.06- 2.13 -- e --
7.39- 7.47 14 39 47

8.92- 8.99 19 49 32

11.20-11.28 10 58 32

12.73-12.80 20 45 35

14.25-14.33 0 5 95

17.30-17.37 11 46 43

CENTER 380 1.30- 1.37 67 12 21
2.06- 2.13 59 15 26

2.82- 2.90 69 8 23

3.58- 3.66 74 8 18

4.34- 442 73 6 21

5.11- 5.18 69 10 21

5.87- 5.94 19 40 41

6.63- 6.71 27 29 44

7.39- 7.47 32 25 43

8.15- 8.23 -- -- --

9.68- 9.75 17 39 L4

10.44~10.52 24 36 40

11.20-11.28 14 39 47

11.51-11.58 14 39 47

13.49-13.56 -- -- -~

14.25-14.33 34 34 32

14.71-14.78 4 21 76

15.01-15.09 13 46 41

15.33-15.39 = i b

CONSOL 31 1.31- 1.37 0 38 62
2.06- 2.13 0 32 68

2.82- 2.90 0 35 65

4.34- 4,42 32 42 26

5.11- 5.18 - -— -—

5.87- 5.94 14 50 36
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TABLE 7.--Continued
Texture analyses determined at the North Dakota
State University (NDSU) Soils Department.

Core Depth (m) % Sand 9% Silt % Clay
CONSOL 31, Cont. 6.63- 6.71 == -- ==
7.39- 7.47 - —— ——
8.15- 8.23 49 20 31
8.92- 8.99 12 54 34
9.68- 9.75 41 28 31
10.44-10.52 = == --
11.20-11.28 29 19 52
11.96-12.04 7 13 80
12.73-12.80 11 31 58
14.10-14.17 4 12 84
14.40-14 .48 == - e
15.01-15.09 0 39 61
15.77-15.85 0 19 81
16.54-16.61 5 16 79
16.99-17.07 10 13 77
17.45-17.53 -- -- -
INDIAN HEAD X-2 1.30- 1.37 i S =5
2.06- 2.13 35 14 51
2.82- 2.90 57 10 33
3.58- 3.66 0 30 70
4.34- 4.42 0 32 68
5.11- 5.18 0 38 62
5.87- 5.94 0 26 74
6.63- 6.71 0 19 81
7.39- 7.47 0 7 93
8.15- 8.23 0 0 100
8.92- 8.99 17 50 33
9.22- 9.30 7 63 30
11.05-11.13 27 47 26
11.51-11.58 24 55 21
FALKIRK 514 2.82- 2.90 0 28 72
3.58- 3.66 0 32 68
4.34- 4.42 0 5 95
4,80~ 4.88 21 21 58
6.63- 6.71 0 42 58
7.39- 7.47 11 50 39
8.15- 8.23 4 48 48
8.92- 8.99 4 27 69
11.20-11.28 12 49 39
11.96-12.04 6 47 47
15.01-15.09 7 47 46
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TABLE 7.--Continued
Texture analyses determined at the North Dakota

State University (NDSU) Soils Department.

Core Depth (m) % Sand % Silt % Clay

FALKIRK 526 8.61- 8.69 -- - --
10.44-10.52 47 31 22

11.96-12.04 27 46 27

12.73-12.80 10 51 39

13.49-13.56 17 55 28

14.25-14.33 11 59 30

15.01-15.09 6 59 35

15.77-15.85 -- -- --

FALKIRK 561 8.92- 8.99 69 14 17
9.22- 9.30 27 36 37

10.29-10.36 8 58 34

10.59-10.67 17 50 33

11.51-11.58 6 60 34

FALKIRK 576% 0.99- 1.07 49 20 31
2.97- 3.05 39 25 36

4.5 - 4.57 36 26 38

6.02- 6.10 44 22 34

7.54- 7.62 36 23 41

9.07- 9.14 31 23 46

10.59-10.67 36 23 41

11.66-11.73 36 21 43

12.88-12.95 32 25 43

15.16-15.24 34 25 41

16.69-16.76 31 27 42

18.06-18.14 34 25 41

19.74-19.81 39 22 39

21.26-21.34 36 27 37

22.78-22.86 31 31 38

Specimens also contained gravel.
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TABLE 8.--Texture analyses determined at the University
of North Dakota (UND).

Core Depth (m) % Gravel % Sand % Silt % Clay

CENTER 361 0.79- 0.84 0.36 27.0 36.2 36.8
2.48- 2.51 0.83 31.8 39.1 29.1

5.55- 5.56 0.00 52.5 23.1 24.4

7.09~ 7.10 0.00 447 30.9 24. 4

12.25-12.27 0.00 65.9 16.3 17.8

13.17-13.18 sample destroyed 19.8

14.07-14.09 0.00 64.0 17.1 18.9

14.69-14.71 0.00 58.90 18.9 22.2

15.46-15.47 0.05 64.1 19.2 16.7

16.97-16.99 0.00 7.1 60.7 32.2

CENTER 366 0.97- 0.99 0.00 69.4 17.3 13.3
1.73- 1.75 0.00 2.1 76.8 21.1

3.27- 3.29 0.01 5.8 70.9 23.3

7.10 38.40 3.3 58.9 37.8

8.61- 8.63 0.2 18.1 63.0 18.9

9.22- 9.23 0.00 0.8 62.9 36.3

10.87-10.90 0.00 0.3 65.7 34.0

12.42-12.54 0.00 12.7 66.3 21.0

13.93-13.94 0.002 11 17.3 81.6

16.99 0.00 27.5 48.1 24.4

CENTER 380 1.73- 1.75 0.01 58.4 26.1 15.5
3.26- 3.28 0.00 26.6 54.6 18.8

4.02- 4.04 0.5 73.17 14.0 12.3

4.78- 4.80 0.2 74.6 14.3 11.1

5.54- 5.56 0.00 9 59.4 31.1

6.31- 6.32 0.00 6.4 54.8 38.8

7.07- 7.09 0.2 38.8 35.6 25:6

7.83- 7.85 0.2 9.0 42.2 48.8

8.59- 8.61 0.00 15.3 51.2 35.5

10.12-10.13 0.00 12.2 55.6 32.2

10.87-10.90 0.04 21.6 52.8 25.6

11.26-11.28 0.00 2.7 62.9 34.4

13.16-13.18 0.4 33.4 47.6 19.0

13.93-13.94 0.3 29.4 46.1 24.5

14.36-14.40 1.4 35.2 46.8 18.0

CONSOL 31 0.97- 0.99 0.00 0.5 35.1 64.4
1.73- 1.75 0.08 0.5 49.5 50.0

2.49- 2.51 0.00 0.05 48.9 51.0

4.03- 4.04 0.00 0.2 49.8 50.

4.79~ 4.80 0.00 2.1 66.8 31.1

5.55- 5.56 1.7 2.8 67.9 29.3

6.32- 6.34 0.00 9.5 68.3 22.2

7.07- 7.09 0.00 2.7 56.2 41.1

7.84- 7.85 0.00 56.6 24.5 18.9

8.60- 8.61 0.00 59.4 20.6 20.0

(0]
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TABLE 8.--Continued
Texture Analyses Determined at the University
of North Dakota (UND).

Core Depth (m) % Gravel 9% Sand % Silt % Clay
CONSOL 31, Cont. 9.36- 9.37 0.00 1.3 75.4 23.3
10.12-10.13 0.1 3 64.0 33.0
10.88-10.90 1.4 7.0 63.7 29.30
11.64-11.66 0.00 0.2 45.4 54.40
12.40-12.42 0.00 0.1 40.0 59.90
13.78-13.79 0.00 0.2 19.9 79.9
14.68-14.71 0.00 1.0 41.3 57.7
15.45-15.47 0.00 0.4 41.8 57.8
16.21~16.23 0.2 0.6 29.3 70.1
16.67-16.69 0.0 0.2 29.8 70.0
17.13-17.15 0.00 0.1 22.:1 77.8
INDIAN HEAD X-2 0.98- 0.99 0.02 51.3 23.2 25.5
1.74- 1.75 0.01 60.2 20.9 18.9
2.49-2.51 0.00 62.3 19.9 17.8
3.26- 3.28 0.4 66.1 17.2 16.7
4.02- 4.04 0.06 0.9 15.8 83.3
4.79- 4.80 0.00 0.2 63.2 36.6
5.55- 5.56 0.00 0.0 42.3 57.7
6.31- 6.32 0.00 0.2 34.3 65.5
7.07- 7.09 0.1 0.6 23.8 75.6
7.96- 7.97 0.1 0.6 43.8 55.6
8.59- 8.61 0.03 0.5 9.3 90.0
8.99- 9.30 0.00 2.2 72.3 25.5
10.73-10.74 0.00 1.8 74.9 23.3
FALKIRK 514 2.51- 2.53 2.2 5.5 32.1 62.4
3.26- 3.28 0.0 0.7 17.2 82.1
4.02- 4.04 0.0 0.3 42.0 57.0
6.32- 6.35 0.00 0.5 93.9 5.6
7.09- 7.10 0.00 0.1 56.6 43.3
10.88-10.90 0.00 2.5 65.3 32.2
FALKIRK 526 8.28- 8.31 0.2 1.1 40.0 58.9
10.11~-10.13 0.1 5.9 59.7 34.4
11.63-11.66 0.00 28.7 55.8 15.5
12.40-12.42 0.00 4.3 74.6 21.1
13.16-13.18 0.00 0.9 68.0 31.1
13.93-13.94 0.1 1.6 75.1 23.3
" 14.69-14.71 0.00 1.4 74.2 24.1
FALKIRK 561 8.60- 8.61 0.02 68.5 18.2 13.3
FALKIRK 576 0.67- 0.69 0.00 10.8 48.1 41.1
2.65- 2.67 8.3 36.8 31.17 31.5
4.17- 4.19 5.9 33.8 35.5 30.7
5.70- 5.72 9.7 36.1 33.2 30.7




TABLE 8.--Continued
Texture Analyses Determined at the University
of North Dakota (UND).

Core Depth (m) % Gravel 9% Sand % Silt % Clay
FALKIRK 576, 7.23- 7.24 5.5 33.6 34.7 31.7
Cont. 8.74- 8.76 2.9 20.8 42.6 36.6

10.27-10.29 3.4 40.7 32.7 26.4
12.53-12.57 3.2 30.3 36.5 33.2
14.84-14.86 3.9 33.2 34.4 32.4
16.36-16.38 3.7 26.6 39.9 33.5
17.73-17.75 1 26.7 39.7 33.6
19.41-19.43 3.3 29.4 37.3 33.3
20.93-20.96 1.8 31.0 37.3 31.7
22.48-22.50 2.3 30.3 37.9 31.8

from Falkirk 576 from the bottom of the tubes was run at both laboratories.
The results of this comparison are shown in table 9.

Before interpreting the results of the textural analyses it is instruc-
tive to examine the comparison in table 9. The 22.9 m of samples from
Falkirk 576 are dominantly till and contain approximately equal proportions
of sand, silt, and clay along with some gravel. If the determinations of
sand, silt, and clay are simply averaged across the 15 specimens, the
following is observed:

Average of

% sand % silt % clay
NDSU 36.3 24.3 39.4
UND 30.8 36.1 33.0

The NDSU measurements are about 18 percent greater in sand, 33 percent
lower in silt, and 19 percent greater in clay than the UND measurements.
Greater attention was given to sand (and gravel) determinations in the
UND measurements, while the NDSU technique determined sand by sub-
traction of the silt and clay result from 100 percent, assuming that all
sand has settled at the time before the first hydrometer measurement is
made (after 40 seconds). Thus, the UND data are believed to be more ac-
curate for sand. The only substantial difference in silt and clay measure-
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TABLE 9.--Comparison of texture analyses
on Falkirk 576 specimens.

Depth (m) % Sand* 9% Silt* % Clay*
0.99- 1.07 49 20 31
43.8 31.5 24.7
2.97- 3.05 39 25 36
33.1 37.2 29.7
4.50- 4.57 36 26 38
33.3 34.7 32.0
6.02- 6.10 44 2 34
36.3 33.5 30.2
7.54~ 7.62 36 23 41
31.0 34.3 34.5
9.07- 9.14 31 23 46
25.2 37.2 37.6
10.59-10.67 36 23 41
30.3 33.6 36.1
11.66-11.73 36 21 43
29.8 35.4 34.8
12.88-12.95 32 25 43
28.1 37.1 34.8
15.16-15.24 34 25 41
29.6 37.1 33.3
16.69-16.76 31 27 42
25.5 39.3 34.2
18.06-18.14 34 25 41
29.4 36.8 33.8
19.74-19.81 39 22 39
26.7 39.6 33.7
21.26-21.34 36 27 37
30.0 37.5 32.5
22.78-22.86 31 31 38
30.0 36.8 33.2

Twt %; NDSU data have 2 significant figures, UND data have 3.
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ment techniques is in the extent of dispersion treatment. The overnight
treatment with rigorous agitation at NDSU compared to an overnight soak
at UND is likely to have disagglomerated silt-sized particles made up of
clay minerals more effectively. It is possible that the addition of the one
percent Na2C03 to the dispersion liquid at NDSU also contributed to more
effective dispersion. Thus, the NDSU results are expected to be a more
accurate representation of the silt and clay fractions. It should be noted
that the two-hour hydrometer reading used at both laboratories places the
clay-silt boundary at about 4 ym instead of the more conventional 2u m.
These comparison tests have shown that in any future studies where
precise texture analysis is crucial, interlaboratory comparison and calibra-
tion with more time consuming but accurate procedures will be necessary.

For the purposes of this study, the analyses as performed by the two
laboratories fulfill the intended purpose of demonstrating the wide range of
textural types found in Tertiary coal-bearing sediment in western North
Dakota. The data suggest a predominance of silt- and clay-rich sediment in
the Tertiary units. Predominantly clayey sediments are common in samples
obtained from Indian Head X-2, Consol 31, and Falkirk 514 (tables 7 and
8). In addition, clay-rich Tertiary sediments are found in scattered posi-
tions at most of the sample locations. Tertiary sediments consisting pre-
dominantly of sand are less common than fine-textured sediments. Sandy
sediments are common at Center sites 361 and 380 and are present in
samples from the upper two to three metres at Indian Head X-2. As pre-
viously discussed, the glacial tills at Falkirk site 576 consist of essentially
equal percentages of sand, silt, and clay.

Mineralogical Analyses
Bulk Mineralogy

As previously discussed, 123 samples from the bottom 7.6 cm of each
Shelby tube were analyzed by XRD to determine the bulk mineralogy of
each sample. In addition, samples from the middle of 97 of the Shelby
tubes were analyzed to determine bulk mineralogical characteristics. (See
table 1.) These data are summarized by sampling location in appendix B.
Since XRD analyses can only be considered as semi-quantitative, these
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data have been presented according to the height of the major peak for
each mineral. The general lithology and dolomite/calcite ratio for each
sample is also included in appendix B.

Each sample from the bottom 7.6 cm of the 123 Shelby tubes is identi-
fied according to the total depth interval represented by that tube
(typically 0.762 m). Each sample from the center of a tube is identified
according to the actual interval represented by that sample (app. B).

The bulk mineralogical data can be summarized as follows:

1. Quartz and plagioclase are present in all the Tertiary Sentinel
Butte sediments and all glacial till samples.

2. Alkali feldspar is present in 91 percent of the Sentinel Butte
samples and 74 percent of the glacial till samples.

3. Dolomite is present in all the glacial till samples. Dolomite is pre-
sent in 89 percent of the Sentinel Butte samples.

4. Calcite is present in all the glacial till samples. Calcite is present
in 67 percent of the Sentinel Butte samples. If calcite is present,
dolomite is also present. Calcite is more abundant than dolomite in
only 16 percent of the samples containing both calcite and dolomite.

5. In general, the dolomite/calcite ratios for Sentinel Butte sand are
larger than 1.80; for fine-textured Sentinel Butte sediments the
ratios are generally smaller than 1.80.

6. Montmorillonite is present in all the glacial till samples and at least
98 percent of the Sentinel Butte samples. (A few samples were run
with the shield in such a position as to obliterate the 14% peak).
The detailed clay mineralogy data discussed later in this section
indicate the presence of montmorillonite in all the samples.

7. [Illite-mica is present in all the samples.

8. Chlorite is identifiable in all but two of the glacial till samples and
is present in all the Sentinel Butte samples.

9. Kaolinite is a minor constituent in some of the Sentinel Butte
samples. (The clay mineralogy studies indicated some kaolinite in
nearly all samples.)

10. Gypsum is present in 27 percent of the glacial till samples and
probably present (near detection limit) in another 27 percent.
Gypsum is present in 7 percent of the Sentinel Butte samples,
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particularly in those samples from the upper 4 metres of the land-
scape.

11. Pyrite, although commonly seen in nodular form in outcrops of the
Sentinel Butte Formation, was seldom detected in the samples by
XRD. This observation is attributed to the fact that the pyrite, as
discussed later in this section, is very finely disseminated in the
sample matrix and typically below the XRD detection limit (less
than one percent).

Clay Mineralogy

Table 10 lists the relative abundances of the four clay mineral groups
determined in the X-ray studies. Not included in the table is the fact that
some quartz was usually observed in the < 2um clay fraction. These data
clearly indicate that smectite and illite-mica are the predominant clay
minerals in all the samples. As noted earlier, the smectite (S) is dominantly
Na-montmorillonite. The illite-mica (I) reflections were sharp and indicated
good crystallinity, better in fact than the Fithian, IL, illite used as a
standard. The chlorite reflections were likewise comparatively sharp. A
number of entries have "K?", indicating uncertainty in the presence of
even small amounts of kaolinite. The strong (001) reflections of kaolinite
occur close to those of chlorite and can overlap them when the chlorite is
much more abundant. In most cases, however, there was sufficient resolu-
tion to unambiguously identify the presence of kaolinite.

An interesting correlation can be made between the sediment textures
(table 7) and these relative clay mineral abundances. High clay content
correlates strongly to greater illite-mica abundance. In 33 of the 35 speci-
mens that had "I>S" or "I >> S" in table 10 and for which textural analy-
ses were available, the clay content was > 40 wt %. Statistical textural data
for these 33 specimens (using the NDSU results) are:

% sand % silt % clay
X 9 27 64
S - +14 +18

also, the greater relative smectite (Na-montmorillonite) abundances corre-
late with the more sandy, less clayey sediments. For 18 of the specimens

94




TABLE 10.--Relative proportions of clay minerals in 123 Shelby
tube samples determined by X-ray diffraction.

Core Depth (m) Relative Proportion
CENTER 361 0.69~ 0.76 S>I>K=xcC*
1.14- 1.22 S>I>K=x<C
2.82- 2.90 S>I>K>C
4.34- 4.42 S>ID»K=XC
5.87- 5.94 S>> 1> C(CK?)
7.39- 7.47 S>> 1> C>>K
10.44-10.52 S>>1> C(>K?)
11.96-12.04 S>I> C> K
12.57-12.65 S>>I>C>K
14.10-14.17 S>»I>C>K
17.30-17.37 I>S8S>C>K
CENTER 366 2.06~ 2.13 I> S = COK?)
7.39- 7.47 I>8S>C=xK
8.92- 8.99 S>I>C?>K
11.20-11.28 S>»>1>C>K
12.73-12.80 S>»I1I>C>K
14.25-14.33 I>»>S=x>C>K
17.30-17.37 S>I >C>K
CENTER 380 1.30- 1.37 S>1I>C>K
2.06- 2.13 S>I>C>K
2.82- 2.90 S>I>C=XK
3.58- 3.66 S>»>I>C>K
4.34- 4.42 S>> I > C(>K?)
5.11- 5.18 S>» I > C(>K?)
5.87- 5.94 I>S>C>K
6.63- 6.71 I>S8S>C>K
7.39- 7.47 I>S>C(K?)
8.15- 8.23 I>>S=x C(OK?)
9.68- 9.75 I>»S8S= C>»>K
10.44-10.52 I>>S=x< C>>K
11.20-11.28 I>»>S=< C>K
11.51-11.58 I>»>C > S»K
13.49-13.56 I> S C>» K
14.25-14.33 8> IxXK=xC
14.71-14.78 I>S>C>K
15.01-15.09 S>I>C>»K
15.32~15.39 S>»> 1> C>K
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TABLE 10.--Continued
Relative proportions of clay minerals in 123 Shelby
tube samples determined by X-ray diffraction.

Core Depth (m) Relative Proportion
CONSOL 31 1.30- 1.37 I>S>C>K
2.06- 2.13 I>S8S>C>K
2.82- 2.90 I>S8S>C>K
4.34- 4.42 S>> I>»>C> K
5.11- 5.18 S>> I>>C > K
5.87- 5.94 S>> I>>C> K
6.63- 6.71 S>I>>C> K
7.39- 7.47 S>>1I >C>K
8.15- 8.23 S>> I>C>K
8.92- 8.99 S>I>C>K
9.68- 9.75 S>I>»>C> K
10.44-10.52 S>I>C>K
11.20-11.28 T S>K=C
11.96-12.04 I>S8=C>K
12.73-12.80 I>S>C>K
14.10-14.17 I>»>S=C>K
14.40-14.48 I>»>SxC>K
15.01-15.09 I>»S == C>K
15.77-15.85 I>S >C>K
16.54-16.61 I>» S > C>K
16.99-17.07 I>»> S C>K
17.45-17.53 I>S>C>K
INDIAN HEAD X-2 1.30- 1.37 S>»I1I>C>K
2.06- 2.13 S>> 1> C>K
2.82- 2.90 S>»I> C>K
3.58- 3.66 I>8>C>»K
4,34- 4.42 I>»>S > C>»K
5.11- 5.18 ~ S > C>K
5.87- 5.94 I>S>C?>K
6.63- 6.71 I>»S>C>K
7.39- 7.47 I>>S > C>>K
8.15- 8.23 I>»> 8> C>K
8.92- 8.99 I>8>C=<K
9.22- 9.30 I> S >C>K
11.05-11.13 S>»>I>C>K
11.51~11.58 S>I1I>C>K
FALKIRK 514 2.82- 2.90 I>S>K>C
3.58- 3.66 S> I> K(OC?)
4.34- 4. .42 I> S> K(C?)
4.80- 4.88 I> 8S> K(OC?)
6.63- 6.71 I>S8S>C>K
7.39- 7.47 S>I>C>K
8.15- 8.23 Ss>I>C>K
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TABLE 10.--Continued
Relative proportions of clay minerals in 123 Shelby

» tube samples determined by X-ray diffraction.
¥ Core Depth (m) Relative Proportion
FALKIRK 514, 8.92- 8.99 S>I>C >K
Cont. 11.20-11.28 S>I>C>K
11.96-12.04 S>I>C>»K
15.01-15.09 S>I>C>K
FALKIRK 526 8.61- 8.69 I>8S>C>K
10.44-10.52 S>»>I >C=xK
C 11.96-12.04 $>>I>C>K
12.73-12.80 S>I>C>K
13.49-13.56 S>»I>C>K
14.25-14.33 S>I>C>K
15.01-15.09 S>I>C>K
15.77-15.85 S I>C>K
FALKIRK 561 8.92- 8.99 S>I>»@C=x K
9.22- 9.30 S > I>C(K?)
10.29-10.36 S>I>C>K
10.59-10.67 S>1I>C>K
11.51-11.58 S>I>C>K
FALKIRK 576 0.99- 1.07 S=I>K>C
2.97~ 3.05 S=I>K>C
4.5 - 4.57 SxI>K>C
6.02- 6.10 SxI>K>C
' 7.54- 7.62 §>1I>K>C
9.07- 9.14 S>I>K>¢C
. 10.59-10.67 S>I>K>C
11.66-11.73 S>I>K>C
12.88-12.95 S>I>K>C
15.16-15.24 S>I>K>C
16.69-16.76 S>I>K=xC
18.06-18.14 S>I>K=>C
19.74-19.81 S>I>K>C
21.26-21.34 STI>K>C
22.78-22.86 S~=I>K>C
“S = Smectite K = Kaolinite
I = Tilite-mica C = Chlorite
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where the relative clay abundance was S >> I, the statistical textural data

are:
% sand % silt % clay
X 42 27 29
s +22 *18 * 8

Pyrite Studies

All s:'md, silt, and clay separates from the clay mineralogy study were
screened by X-ray fluorescence for a sulfur signal. None of the clay
fractions, relatively few of the silt fractions, but more than half of the
sand fractions had a sulfur signal. Those silts and sands with substantial
sulfur contents were studied directly by XRD. Pyrite could be detected
only in two sand fractions:

Center 366 14.25-14.33 m

Consol 31 14.40-14.48 m
The former had pyrite at the 10-20 weight percent level in a matrix of
quartz, feldspar, calcite, and dolomite. Pyrite was less abundant in the
latter.

When heavy mineral separations were carried out on all of the sand
fractions having a sulfur signal, nearly one-quarter of the specimens were
found to contain pyrite and, in the case of two sands from Center 361,
the marcasite polymorph also. Table 11 lists the pyrite occurrences and
whether the pyrite constitutad a "major" or "minor" portion of the sink
fraction. These designations are strictly subjective and are based on the
intensity of the pyrite reflections in X-ray diffractograms. Figures 17
through 21 show typical habits of pyrite, marcasite, and gypsum on pyrite
picked from these sands, in SEM photomicrographs.

Sulfur Analyses
The results of sulfur analyses of selected samples from the four study
sites are presented in table 12. These data indicate that total sulfur con-

centrations in the overburden at the North Dakota sites are relatively low
and range over three orders of magnitude. Conversion to ug/g indicates a
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TABLE 11.--Pyrite occurrences in sand fraction.

Core Depth (m) Lithologya Textureb Pyrite in Sand®
Sand Silt Clay

CENTER 361 4.34- 4.42 Sand i mm e Minor
11.96-12.04 Sand —= oe e Major pyrite and marcasite
12.57-12.65 Sand 62 11 27 Major
14.10-14.17 Sand e s e Major pyrite and marcasite
17.30-17.37 Silt/Clay 43 6 51 Minor

CENTER 366 2.06- 2.13 Sand == -— - Minor
7.39- 7.47 Clay 14 39 47 Minor
12.73-12.80 Silt/Sand 20 45 35 Minor
17.30-17.37 Clay 11 46 43 Minor

CENTER 380 71.39- 7.47 Sand 32 25 43 Major
13.49-13.56 Clay - == == Minor
14.25-14.33 Sand 3¢ 34 32 Major
15.01-15.09 Silt 13 46 41 Minor
15..32-15.39 Sand - == & Major

CONSOL 31 9.68- 9.75 Sand 41 28 31 Major
10.44-10.52 Sand == s= oS Major
14.40-14.48 Clay == e = Major
15.01-15.09 Clay == == oo Major

INDIAN HEAD X-2 8.92- 8.99 Sand/Silt 17 50 33 Major
11.05-11.13 Sand 27 47 26 Minor
11.51-11.58 Silt 24 59 21 Major

FALKIRK 514 7:39= T7.47 Clay 11 50 39 Major
8.92- 8.99 Silt 4 27 69 Major



TABLE 11.--Continued
Pyrite occurrences in sand fraction.

Core Depth (m) Lithologya Textureb Pyrite in Sand®
Sand Silt Clay

FALKIRK 526 11.96-12.04 Sand 26 46 27 Mo
FALKIRK 576 18.06-18.14 7i11¢ 36 25 41 HisiaE
19.74-19.81 Till 39 22 39 Major®
21.26-21.34 Ti1l 36 27 37 Mimor
22.78-22.86 Till 31 31 38 ——

®Determined by visual examination of samples when removed from Shelby tube.

bTexture Analyses at NDSU--see text for discussion.

00T

C"Major” means that more than 10% of the original sand was in the sink fraction and more than 25% of the
sink fraction consisted of pyrite (or marcasite) grains, crystals, or nodules. "Minor" means that at
least a few pyrite grains, crystals, or nodules were observed in a sink fraction.

dGravel was noted in all Falkirk 576 specimens.

ePyrite was observed in the bulk mineralogical analysis.




Figure 17. SEM photomicrograph of pyrite from the sand fraction of Consol 31, 14.40-14.48 m, at a magnification
of 100x (top) and 750x (bottom).
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Figure 18. SEM photomicrograph of pyrite from the sand fraction of Indian Head X-2, 11.05-11.3 m (800x).
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Figure 19. SEM photomicrograph of pyrite from the sand fraction of Falkirk 526, 21.26-21.34 m (300 x).
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Figure 20. SEM ph)otomicrograph of gypsum on pyrite from the sand fraction of Falkirk 5§76, 21.26-21.34 m
(1800 x).
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Figure 21. SEM photomicrograph of marcasite from the sand fraction of Center 361, 12.57-12.65 m (1200 x).
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TABLE 12.--Results of sulfur analyses of selected
overburden samples from the four North
Dakota study sites. See Table 3 for lithologic
description of samples.

(% based on dry soil weight)

%S
Sulfide
% S Elemental % S
Sample Location Depth (ft)* Total Residual Extractable
CENTER 380 17 -19.5 0.013 0.009 0.004
24.5-27 0.080 0.068 0.012
27 =29.5 0.079 0.069 0.010
34.5-37 0.156 0.151 0.005
37 -38 0.090 0.087 0.003
42 -44.5 0.048 0.041 0.007
47 -48.5 0.190 0.170 0.020
49.5-50.5 0.046 0.038 0.008
INDIAN HEAD X-2 17 -19.5 0.046 0.021 0.025
19.5=22 0.046 0.011 0.035
22 =24.5 0.046 0.010 0.036
24.5=-27 0.046 0.015 0.031
27 -29.5 0.310 0.300 0.010
FALKIRK 526 27 -28.5 0.016 0.010 0.006
37 -39.5 0.063 0.055 0.008
39.5-42 0.026 0.025 0.001
42  -44.5 0.023 0.020 0.003
44 5-47 0.055 0.048 0.007
47 =49.5 0.088 0.075 0.013
49.5-52 0.059 0.050 0.009
CONSOL 31 22 =24.5 0.059 0.021 0.038
34.5-37 0.078 0.061 0.017
37 -39.5 0.047 0.032 0.015
39.5-42 ¢.310 0.280 0.030
44.5-46.5 0.044 0.034 0.010
52 -54.5 0.030 0.025 0.005
54.5-56 0.029 0.022 0.007

wMultiply by 0.3048 to convert to metres.
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maximum for total sulfur of 2,000 yg/g. The average value, if an average
has any meaning, is approximately 200 ug/g. In all but a few samples, the
extractable sulfur represents a relatively small percentage of the total
sulfur.

The sulfur concentrations do not show any specific trends with respect
to depth at the various sampling sites. However, sulfur analyses were not
performed on near-surface samples. The samples showing the greatest con-
centrations of total sulfur (Center 380, 34.5-37, and 47-48.5; Indian Head
X-2, 27-29.5; Consol 31, 39.5-42) are all fine-textured (two are also
carbonaceous) and unoxidized. (See table 3.) The samples having the
lowest concentrations of total sulfur (Center 380, 17-19.5; Falkirk 526,
27-28.5, 39.5-42, 42-44.5) are all oxidized samples but represent a wide
range of textures.

These observations are in agreement with the hydrogeochemical model
which suggests sulfide dissolution, sulfate precipitation, and sporadic
flushing of sulfate salts from the upper (oxidized) portion of the land-
scape. Thus, total sulfur concentrations in these settings typically should
be greatest in unoxidized sediments.

It is assumed that original precipitation of the sulfur occurred under
reducing conditions early in the history of the sediments. The fine-
textured Tertiary sediments typically are assumed to have been deposited
under reducing conditions in flood basin environments. The total sulfur
data thus appear to substantiate this environmental interpretation and
suggest that unoxidized fine-textured Tertiary sediments, when emplaced
in an oxidizing environment, offer a significantly greater potential to
generate sulfate than do the coarser sediments.

Saturated-Paste Extract Analyses

Data generated by analyses of saturated-paste extracts of near-surface
spoils materials from various locations at the Center Mine and the USBM
plot at the Indian Head Mine are presented in appendix C. These analyses
were performed for the purpose of determining the general chemical char-
acteristics of the spoils at the two study sites. The results indicate signi-
ficant differences in the chemistry of spoils at the two mines.
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For purposes of comparison, it is instructive to note the electrical
conductivity (EC) and sodium adsorption ratio (SAR) of the spoils at these
sites (app. C). The mean EC for spoils at the Center Mine is 2.9 with a
standard deviation of 1.6. The mean EC for spoils at the Indian Head Mine
is 5.2 with a standard deviation of 2.0. The mean SAR for spoils at the
Center Mine is 3.6 with a standard deviation of 2.9. SAR values for spoils
at the Indian Head site have a mean of 13.9 with a standard deviation of
5.6,

These data indicate that the near-surface spoils at the Indian Head
site have the capacity to generate much more highly mineralized pore water
than spoils at the Center Mine. The predominant species in solution in
pore water in spoils at the Indian Head Mine are sodium and sulfate. The
predominant species in solution in pore water in spoils at the Center Mine
vary from sodium and sulfate to calcium, magnesium, and sulfate (app. C).

These data indicate a significant increased sodic hazard in spoils at
Indian Head when compared to spoils at the Center Mine. Assuming some
degree of wvertical infiltration (recharge) in spoils at both mines, these
data suggest a significantly greater potential for the generation of highly
mineralized groundwater in the spoils at Indian Head than at Center.

Subsurface Water Flow and Occurrence
General

The general characteristics of groundwater flow in undisturbed set-
tings in western North Dakota were discussed in the introduction. Detailed
discussions of the hydrogeologic conditions in undisturbed settings at the
Center, Indian Head, and Falkirk Mines can be found in Moran et al.,
1978; Groenewold et al., 1979; and Rehm et al., 1980, 1982. Discussions
of the hydrogeology of spoils settings at the Center and Indian Head
Mines can be found in Groenewold et al., 1980, 1981; Rehm, 1982; and
Rehm et al., 1980.

Figure 22 is a hydrostratigraphic cross section of the Center Mine.
The location of this cross section is shown on figure 15. The hydrogeologic
conditions shown on this cross section are typical of all the North Dakota
study sites. As is evident from figure 22, recharge occurs over most of
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Figure 22. Hydrostratigraphic cross section of the Center Mine area near Center, North Dakota. See figure 15 for location of cross section.




the landscape. The major constraint upon subsurface water movement is
the permeability contrasts between the various sedimentary units. Ground-
water movement is predominantly lateral through sand and lignite aquifers
and typically vertical and downward through fine-textured Tertiary and
glacial sediments.

The movement of subsurface water in undisturbed landscapes in west-
ern North Dakota is relatively sluggish. The hydraulic conductivity of
> 1o 107
ranges from 107° to 1077 m/s; fine-textured Tertiary sediments and
8 to 10710 m/s (Groenewold et al., 1979; Rehm

Tertiary sand commonly ranges from 10° m/s; lignite generally
glacial till range from 10~
et al., 1980).

As discussed earlier, the chemical characteristics of subsurface water
in these landscapes is dependent upon geochemical processes operating in
the upper few metres of these sluggish systems. Particularly critical is
alternate wetting and drying of this portion of the landscape.

Thus, for the hydrogeochemical model to be applicable to subsurface
water chemical evolution in spoils settings, it is essential that similar
hydrogeologic conditions exist in the spoils landscapes as exist in undis-
turbed settings. Most significantly, it is essential that recharge occur in
the spoils. In addition, the degree of saturation and hydraulic conductivity
of the saturated portion of the spoils are critical to an evaluation of both
short-term and long-term aspects of chemical evolution in postmining land-
scapes.

Saturation of Spoils

Groundwater instrumentation in the spoils areas at the Center and
Indian Head Mines indicates that the basal portion of the spoils is satu-
rated over most of the area of the study sites. However, all piezometers
screened more than five metres above the base of the spoils at both mines
remained dry during the period of study. The degree of saturation appears
to be largely dependent upon local relief in the underlying undisturbed
sediments. Potentiometric data from the Indian Head sites indicated a slow
but consistent rise over the period of the study (1977-1981). Littie change
has occurred at the Indian Head sites since mid-1981 suggesting that
equilibrium conditions may have been established in the spoils at these
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sites. The saturated portion of the spoils at the Indian Head sites typically
varies from 2 to 4 metres.

Instrumentation at the Center Mine indicated consistent rise in water
levels in the basal portion of the spoils over the period of study (1979-
1981). Water levels in these piezometers are continuing to rise suggesting
that equilibrium has yet to be established in the spoils at the Center Mine.
The saturated portion of the spoils at the Center Mine typically varies
from 2 to 5 metres. The positions of the postmining water tables in spoils
at both mines are approximately the same as in the premining settings and
range from 6 to 15 metres below the surface.

Hydraulic Conductivity of Spoils

Single-well response tests (slug tests) were performed on all piezome-
ters in spoils at Center and the USBM site at Indian Head having a suffi-
cient column of water. The data collected were analyzed using techniques
developed by Hvorslev (1951). These data are presented in table 13 and
indicate that the hydraulic conductivity in the basal portion of the spoils
) -10

to 10
mines (table 13). This range of values is within the same range as the

is highly variable. Values range from 10~ m/s in spoils at both

undisturbed sediments.
Recharge in Spoils

Groundwater in spoils can be attributed to three possible sources of
recharge:
1. Lateral migration from adjacent unmined units.
2. Lateral migration from adjacent surface-mine pits.
3. Vertical recharge down through the spoils.
Although not originally proposed as activities of this study, selected
analyses of stable isotopes of oxygen and hydrogen and flooding experi-
ments were conducted to better evaluate recharge in spoils.

Stable Isotopes

The concentrations of certain isotopes of oxygen and hydrogen in
groundwater can be used as an aid in determining the source of ground-
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TABLE 13.--Hydraulic conductivity data for the base
of spoils at the Center and Indian Head Mines.

CENTER MINE? INDIAN HEAD®
Piezometer Hydraulic Conductivity Piezometer Hydraulic Conductivity
(m/s) (m/s)
9 1.4 x 1672 USBM 2 6.3 x 107°
10 5.9 x 107° USBM 8 1.4 x 1077
16 2.8 x 1077 USBM 11 5.6 % 107
17 5.0 x 107/ USBM 13 1.2 x 10°°
23 3.1 % 10 2 USBM 22 9.1 x 10710
58 7.9 % i0°° USBM 27 1.6 x 107°
69 9.5 x 1078 USBM 30 2.5 x 1078
70 9.9 x 1078 8.0 x 107
79R 1.3 = 107 USBM 32 3.6 x 107>
85 1.5 x 1077 4.6 x 107
90 1.9 % 16" USBM 36 .7 = 1070
91 1.3 x 102 USBM 43 1.0 % 10°°
95 6.9 x 1078
08 1.1 x 1078
99 6.1 x 10°8
100 2.2 x 1078
106 3.9 x 107°
108 1.6 x 1077
114R 1.3 x 10°°
115 2.9 x 1078
119 4.2 x 107
120 4.5 % 20"
139 5.6 x 10729
140 4.9 x 1078
154 9.8 x 1077

35ee figures 16a-j for location of piezometers.

bAll piezometers in USBM spoils test plot.
See figure 14 for location of piezometers.
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water recharge. The isotopes commonly used to evaluate recharge are
oxXygen-18 (180) and deuterium (D). The concentrations of these isotopes
are expressed as delta (§) units in parts per.thousand (°/oo). Colder
80 and 6§D
precipitation values. Thus snow and snowmelt generally have considerably
lower 6180 and 6§D values than rain. During the period 1978-1980 snow and
185 and 6D of
-21 %0, and -192 %o, respectively. For the same period, rain at the
Falkirk site had average values of 18O and D of -6%o and -42 %o,
respectively (Rehm et al., 1982).

climatic conditions tend to produce lighter (more negative) 61

snowmelt at the Falkirk site had average values for &

The deuterium content of precipitation relates linearly to the oxygen-18

content by the relationship

6D (%o0) = 8600 (%o0) + 10

as defined by Craig (1961). The line defined by this equation is referred
to as the meteoric waterline. Evaporation enriches water in the heavy iso-
topes resulting in less negative §-values for both isotopes. However, the
rates of enrichment of the two isotopes during evaporation differ. Thus,
the slope of the line defining evaporated water is less than that of meteor-
ic water. Groundwater resulting from infiltration from sloughs and surface
mine pits will commonly show the effects of evaporation whereas ground-
water resulting from direct infiltration of rain or snowmelt generally will
not show the effects of evaporation. Therefore, 6180 and 6§ D contents of
groundwater can be used to determine both the precipitation source (rain,
snowmelt) and also the topographic source of the infiltrating water
(sloughs, mine pits, non-depressional areas).

An additional isotope of use in evaluating groundwater recharge
sources is tritium (3H). The tritium content is expressed in Tritium Units
(T.U.). The major source of tritium has been atomic testing carried on
since 1950. Groundwater which is older than 1950 generally has tritium
values less than 3 T.U. Higher concentrations indicate post-1950 infil-
tration.

The oxygen and hydrogen isotope contents of groundwater samples
from various stratigraphic positions at the Center Mine are presented in
table 14. The samples were analyzed in two separate groups. The one
group of samples were analyzed for 3H contents; the other group of sam-
ples were analyzed for l80 and D contents.
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TABLE 14.--Stable isotope data for sglected
piezometers at the Center Mine.

Piezometer  Stratigraphic Position  “H(T.U.)  6180(%0)  6D(%o)

9 Base of spoils 55.0%9

10 Base of spoils 42.0%9

14 Base of spoils 5.0%9

16 Base of spoils 18.0%9

23 Base of spoils 3.5%9

26 Base of spoils 21.0%9

45 Base of spoils 32.0%9

3 Hagel bed 7.7%9

6 Hagel bed 12.6%9

32 Hagel bed 7.0%9

35 Hagel bed 17.0%9
373A Hagel bed 1.4%8

12 Silt 12 m below spoils 12.6%9

24 Silt 12 m below spoils 2.1%8

29 Silt 12 m below spoils 0.0%8

42 Sand 3 m below spoils 7.0%9

44 Silt 8 m below spoils 33.0%9

31 Silt 15 m below Hagel 1.418

33 Silt 18 m below Hagel 5.619

34 Sand 5 m below Hagel 9.0%9

10 Base of spoils -15.74 -118
23 Base of spoils -15.34 -113
69 Base of spoils -17.43 -123
70 Base of spoils -18.20 -127
76 Base of spoils -18.76 -131
85 Base of spoils -18.56 -130
95 Base of spoils -16.34 -127
99 Base of spoils -16.48 -115
100 Base of spoils -17.05 -122
119 Base of spoils -15.63 -122
132 Base of spoils -16.52 -112
139 Base of spoils -15.82 -112
142 Base of spoils -17.23 -122

35ee figures 15 and 16a-j for location of piezometers.
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The tritium data indicate that the water in several piezometers in the
basal portion of the spoils at the Center Mine is enriched in tritium rela-
tive to groundwater in adjacent and underlying undisturbed units. These
tritium data indicate that the source of the water in the basal portion of
the spoils at the Center Mine is not from adjacent unmined areas. Thus,
the presence of groundwater in the spoils is either due to vertical infil-
tration through the spoils or lateral inflow from adjacent surface mine pits.

The oxygen-18 and deuterium data are typically very light suggesting
snowmelt as the precipitation source for most of the groundwater in the
spoils and unmined materials. The topographic source of recharge in spoils
is of critical importance to an evaluation of the applicability of the hydro-
geochemical model to spoils settings. The oxygen-18 and deuterium data
generally plot along the meteoric water line indicating that the water in
the spoils has undergone insignificant evaporation (fig. 23). These data
indicate that the mechanism and topographic source of the groundwater in
spoils at the Center Mine is vertical infiltration from nonevaporative sites,
predominantly during the period of spring snowmelt, rather than lateral
inflow from adjacent mine pits. Thus, the recharge mechanism in spoils at
the Center Mine is very similar to that of the premining setting.

Flooding Experiments

The results of the flooding experiments represent a preliminary evalu-
ation of data resulting from experimental methodology. This technique
deserves additional utilization, offering a potentially very useful but simple
method of evaluating subsurface water movement through the unsaturated
zone.

As previously discussed, four flooding sites were utilized at the Center
Mine. These sites were adjacent to piezometers 15, 70, 74, and 79. (See
figs. 16a-j.) Figures 24 through 27 present soil moisture profiles below the
ponded areas at the four sites before, during, and after flooding. Before
flooding, all four sites had similar moisture profiles. Soil moisture con-
tents varied between 13% and 17% from 1 to 4 m below ground (fig. 5).
From 1 m to the ground surface the moisture content dropped steadily to
values less than 10%. The point at which the soil moisture values became
relatively constant roughly corresponds to the spoil/subsoil contact and
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Figure 25. Soil moisture profiles below the flooded area at Site 70 before, during, and after flooding.
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Figure 27. Soil moisture profiles below the flooded area at Site 79 before, during, and after flooding.
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the approximate depth of the roots in the reclaimed areas. Only site 79
showed a consistent moistening of the spoils from 0.5 to 0.9 m.

Site 15 had the lowest overall infiltration and showed the least change
in soil moisture profile (fig. 24). Part of this lack of change was prob-
ably due to the high (13.5%) moisture content in the shallow portions of
the profile. Within 22 hours the profile reached its maximum degree of
saturation, at a water content of 16.3%. If the porosity of the soil is
assumed to be 0.40 the solum reached a saturation of 0.41. Slight increases
in soil moisture extended to a depth of 1.4 m. By 400 hours the upper
0.30 m of the profile had started to dry while the moisture content con-
tinued to increase in the 0.50 to 0.90 m depth interval. No change occur-
red in the soil moisture content of the profile below 1.5 m (fig. 24).

A much greater response to flooding was seen at site 70 (fig. 25).
Within nine hours the moisture content of the upper several tenths of a
metre of the profile increased by 7.2% to a moisture content of 17.2%. The
water also penetrated to a depth of 1.8 m within nine hours, 1.3 m be-
neath the spoil/subsoil interface. By 400 hours after the start of flooding
the upper 1.5 m of the profile had begun to dry to a moisture content of
about 15.5%, similar to the moisture content of the bottom 2 m of the pro-
file. The only observed increase in water content at 400 hours occurred
at a depth of 1.85 m.

Water did not move past the spoil/subsoil interface at site 74 during
the first 300 hours after the flooding was started (fig. 26). The water did
move laterally beneath the plywood dike and on top of the spoil surface.
Cores were collected with a hand auger from above the spoil surface at
distances of approximately 1 and 3 m from the northwest corner of the
dike 24 hours after the flooding had started. At a distance of 1 m the
water content between 0.5 and 0.9 m depth had increased from 8.0% to
10.0% to values of approximately 17.5%. The water content at 3 m remained
at approximately 8.0%. From 300 to 1800 hours water slowly moved into the
clayey spoils (fig. 26). By 1800 hours there was a small increase in water
content at a depth of 1.37 m and an increase of about 0.75% at a depth of
1.12 m.

The response to flooding at site 79 was similar to that of 70 (fig. 27).
The infiltrating water passed below the spoil/subsocil interface within the
first several hours of flooding. By 20 hours the upper half metre of the
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profile had begun to dry but there was no evidence of continued water
movement below a depth of 1.25 m.

These experiments indicate water movement below the spoil/subsoil
interface at two of the four flooding sites (70 and 79). The spoil/subsoil
contact is also the base of the rooting zone. Thus, recharge is occurring
at two of these four sites in spoils at the Center Mine.

The stable isotope, hydraulic conductivity, and flooding data all sug-
gest that the hydrogeoclogic regime in postmining settings in western North
Dakota is very similar to undisturbed settings. Recharge is slow and
results from vertical infiltration scattered over the landscape; the flow of
subsurface water is sluggish. Given these hydrogeologic conditions in the
postmining landscape, it is reasonable to assume that the same geochemical
processes that are key to subsurface water chemical evolution in undis-
turbed settings are also applicable to postmining settings.

Subsurface Water Chemical Characteristics
Groundwater

The majority of subsurface-water chemical data from undisturbed and
disturbed (spoils) settings at the Center and Indian Head Mines represent
analyses of groundwater from various stratigraphic positions at those sites.
These data are presented in appendix D. The groundwater chemical analy-
ses presented in appendix D are grouped by stratigraphic position.

Groundwater chemical data were obtained from three stratigraphic
positions at the Indian Head Mine. These are the Beulah-Zap bed in undis-
turbed areas and the base of the spoils and a lignite bed, the Spaer bed,
which occurs approximately 10 m below the spoils.

Groundwater chemical data from undisturbed settings at the Center
Mine are grouped within four stratigraphic designations. These are the
upper lignite (Kinneman Creek bed), the lower lignite (Hagel bed), a silt
and sand unit 2 to 5 m below the Hagel bed, and sandy silt units 9 to
18 m below the Hagel bed (fig. 22). Groundwater chemical data from
disturbed settings at the Center Mine are grouped within three stratigra-
phic units. These are the base of the spoils, the silt and sand unit 2 to 5
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m below the spoils, and silt and sand units 8 to 12 m below the spoils
(app. D).

The hydrogeochemical model discussed in the introduction defined
several key geochemical processes which are dominant in the geochemical
evolution of groundwater in western North Dakota. These processes include
pyrite oxidation, gypsum precipitation and dissolution, carbonate-mineral
dissolution, and cation exchange. With the exception of the last, these
processes are operating almost exclusively in the near-surface, unsaturated
portion of the landscape.

During surface mining operations, unweathered materials from positions
below the premining water table are commonly emplaced in the zone of
active weathering within the postmining landscape. The hydrogeochemical
model suggests that the potential for chemical degradation of subsurface
water under these conditions is severe in certain mine settings. The de-
gree of weathering, dissolution, and ion exchange, as in the premining
setting, will largely be dependent upon the mineralogy of the sediments
placed in the near-surface portion of the postmining landscape. Of parti-
cular concern is the potential for the generation of elevated concentrations
of Na' and SO42_ in solution in groundwater in spoils characterized by
relatively high concentrations of sodium montmorillonite and sulfides or
sulfate salts.

Table 15 is a summary of field chemical data and major ions for
groundwater from the various stratigraphic positions at the Center and
Indian Head Mines. These data indicate considerable variability in water
chemical characteristics in the various stratigraphic units. However, it is
evident from table 15 that groundwater from all the stratigraphic positions
at the two mines is generally very similar. The major ions in solution in
groundwater from all stratigraphic positions, both disturbed and undis-
turbed, are sodium, qalcium, bicarbonate, and sulfate.

A comparison of groundwater chemical characteristics in undisturbed
units at the two mines indicates significant differences in the concentra-
tions of major ions in solution, particularly sodium and sulfate. The total-
dissolved-solids concentrations for groundwater from the Beulah-Zap bed at
the Indian Head Mine is 2,427 mg/L as compared with mean total-dissolved-
solids concentrations in the Kinneman Creek and Hagel beds of 1,257 and
1,537 mg/L, respectively. The mean sodium concentration for groundwater
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TABILE 15.--Summary of Groundwater Chemical Data from Various Stratigraphic Positions
al the Center and Indian Head Mines. See Appendix D for complete analyses.

U S O ' - — e S i R
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‘ Position Temp. °C pH Cond. | ’w —— mg/L SR

i (nS/cm) |

. o S B i i - R [ i ) o ]

‘ *% 10.0 6.6 1,636 1,257 95.2 54.17 236.2 16.6 607.7 0.5 429.5 7.3
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in the Beulah-Zap bed is 1,321 mg/L. The mean sodium concentrations for
groundwater in the Kinneman Creek and Hagel beds, respectively, are 236
and 193 mg/L. Sulfate concentrations in the Beulah-Zap bed average 868
mg/L. The mean concentrations of sulfate in the Kinneman Creek and Hagel
beds are 429 and 634 mg/L, respectively.

A comparison between groundwater chemical data from spoils and un-
disturbed units at both mines indicates that groundwater in the base of the
spoils is significantly more mineralized than groundwater in the premining
settings. However, as previously noted, the water in the spoils is generally
very similar to groundwater in undisturbed units. Total-dissolved-solids
concentrations in spoils at Indian Head average 5,479 mg/L as compared
to 2,427 mg/L in the Beulah-Zap bed (table 15). Total-dissolved-solids
concentrations in spoils at the Center Mine have a mean of 3,282 mg/L as
compared to mean TDS values of 1,257 and 1,537 mg/L in the Kinneman
Creek and Hagel beds, respectively. The mean sodium concentration, for
groundwater in spoils at the Indian Head Mine is 1,321 mg/L; the sodium
concentrations in spoils at the Center Mine average 497 mg/L. Sulfate
concentrations in spoils average 2,762 mg/L at the Indian Head Mine and
1,515 mg/L at the Center Mine (table 15).

The data summarized in table 15 also suggest migration of the more
highly mineralized groundwater in the base of the spoils to the silt and
sand unit 2 to 5 metres below the spoils. Analyses of groundwater from
this unit indicate a mean TDS of 1,873 mg/L in undisturbed areas as com-
pared with a mean TDS of 3,028 mg/L in this unit in areas where the unit
underlies spoils.

The groundwater chemical data from the Center and Indian Head Mines
suggest that the same hydrogeochemical processes are operating in post-
mining settings as in premining settings. The differences between the two
mines with respect to chemical characteristics of groundwater from undis-
turbed units is a direct reflection of mineralogical differences in the over-
burden at the two mines. Particularly significant is the relative abundance
of sodium, montmorillonite, and sulfides in the predominantly clayey over-
burden sediments at the Indian Head Mine. In turn, the impact of mining
activities is to further exaggerate these differences by constructing a
postmining landscape which is significantly more chemically reactive than
the premining setting. The groundwater chemical data from spoils at the
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Center and Indian Head Mines show the same trends as the saturated-paste
extract data discussed previously. The most significant impact of mining
activities is observed in settings where sodic and sulfide-rich clays are
emplaced in the upper portion of the postmining landscape.

Pore Water

Samples of subsurface water from pressure-vacuum lysimeters were
collected at a few sites at the two mines. Although repeatedly evacuated,
few of these instruments collected water samples. This reflects the spor-
adic recharge characteristics of these settings. Chemical analyses of water
samples from pressure-vacuum lysimeters are presented in table 16. Pore
water samples were obtained from four positions in spoils at the Indian
Head Mine and from three positions in spoils at the Center Mine. All these
analyses indicate the presence of relatively highly mineralized pore water
in the upper few metres of the postmining landscapes (table 16). These
data further suggest the geochemical significance of the upper few metres
of the landscape. In addition, the simple fact that water is moving to these
depths in spoils (typically below the rooting zone) further reinforces the
conclusion that recharge does occur, although possibly sporadically, in
spoils settings at both mines.

Laboratory Experiments
Exhaustive Leaching ExXperiments

Selected samples of overburden material were extracted with an excess
of water by shaking samples at constant temperature from two to seventy-
two hours. Residual solids were removed by ultracentrifugation and milli-
pore filtration. Analysis of the extract (app. E) demonstrates that the
concentration of dissolved sulfate varied with amount of water used in the
extraction step and is sharply diminished in second extractions using
residue from the first step. By contrast, other major ions appear in similar
concentration in the extract independent of the amount of water (always in
at least eightfold, by weight, excess) used for extraction. Moreover, using
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TABLE 16.--Summary of chemical analyses of water collected from pressure-
vacuum lysimeters at the Center and Indian Head Mines. See Figs. 14
and 16a-j for locations of pressure-vacuum lysimeters.

Pressure-Vacuum

Lysimeter Date
15-1 07-29-81
15-1 09-03-81
14-4 05-27-81
74-4 07-29-81
74-5 05-16-81
74-5 05-27-81
74-5 07-29-81
74-5 09-03-81
34-1 07-13-82
34-2 08-03-82
38-1 05-22-80
38-2 05-22-80

- 2_
Depth  Field Field Field s ca’t mg?t Nt & HCO,” 50,
(m) Temp. °C pH Cond. — mg/L -
1S/ cm
CENTER MINE
15.1 12.00 6.95 7,000 5,131 608 321 215 55 1,288 2,403
15.1 - . = 5,130 438 421 209 62 595 2,247
2.70  13.50 6.65 8,000 . L47 225 920 54 - -
2.70  18.50 7.30 11,200 - 393 180 1,070 - 1,439 2,689
2.0 11.50 6.80 4,200 - 320 147 188 13 635 1,005
2.0 14.50 6.80 3,400 - 263 132 176 14 - 5
2.0 18.50 7.15 5,000 2,888 242 113 345 18 799 1,026
2.0 - - - 2,990 141 184 338 26 368 1,282
INDIAN HEAD MINE
5.5 1.7 6.80 12,900 5,058 289 165 990 23 1,328 2,309
4.20 18.1 6.80 9,600 5,162 363 214 1,047 38 1,265 2,637
10.10  11.5 6.55 8,000 5,190 350 129 1,090 29 1,320 2,165
7.20  13.0 6.8 8,000 - 520 178 1,206 52 1,232 2,861




the residue for a second extraction led to results similar to the first ex-
traction for these ions.

The most straightforward interpretation of these experiments, although
not necessarily the only one, is that sulfate is present in the wvarious
overburden samples in a soluble form but in limited amounts. Leaching with
an excess of water effectively extracts all available sulfate. Other major
ions are controlled by the solubility product of the minerals present in the
overburden and thus are found in a particular concentration for a given
sample regardless of the amount of water used on previous extraction.

Accelerated Weathering Experiments

As previously discussed, a set of accelerated weathering experiments
was performed which explored the effects of extremes in temperature and
pH, and alternate wet/dry cycles with aeration on the production of sul-
fate. As can be seen from the data presented in appendix F, no effects of
these extremes are observed.

Based on these data alone, two conclusions are possible: (1) reduced
sulfur is easily oxidized and the pretreatment (one wet/dry cycle) is
sufficient to oxidize any reduced sulfur to the extractable sulfate, or (2)
on the time scale of one month were inadequate to cause significant oxida-
tion. Work performed by the Alberta Research Council (Ed Wallick, per-
sonal commun., 1982) allows us to choose the first alternative. In that
work, samples were collected and preserved under an inert atmosphere,
exhaustivly leached, then aerated as leaching continued. Dissolved sulfate
was seen to increase with aeration to about double its initial level. Total
sulfate recovered from the leachate was consistent with amounts observed
by us; and our sulfate concentrations are consistent with the total sulfur
present in overburden core samples, although a direct comparison is not
possible because different portions of given cores were leached and ana-
lyzed for total sulfur.

The important conclusion from this work ts that exposure of reduced
sulfur-bearing overburden is sufficient to cause oxidation of that reduced
sulfur and add to the total sulfate load of the material.
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Pan Experiments

These pan experiments were designed to test three aspects of over-
burden weathering: (1) effects of exposure to milder conditions than tested
in the previous experiments, (2) an open system which would allow for
bacterial action, and (3) demonstration of the upward mobility of salts In
evaporative conditions.

As the data in appendix G corroborate, no additional sulfate is pro-
duced beyond initial treatment levels. This is consistent with the conclu-
sion of the previous section and obviates the need for concern about
bacterial action in exposed materials. The pan experiments (fig. 28) read-
ily demonstrated the upward mobility of salts. Figure 29 is a photograph of
a typical pan showing the accumulation of sulfate salts on the top of the
mound of sediment. This photograph is dramatic evidence for the upward
mobility of salts under evaporative conditions and is typical of all the pan
experiments.

An interesting by-product of this study is provided by entries T23-28
(app. G). When leached, these samples provided highly colored solutions
that prevented sulfate analysis. Figure 30 is a photograph showing the
highly colored solutions. (Ctr 380, 34.5-37, is the fifth flask from the
left in figure 30.) This overburden sample was highly carbonaceous as
determined by visual examination. Entries T27-T28 (app. G) are for a
solution generated by leaching sediment obtained directly adjacent to
carbonaceous overburden sediment from the Indian Head Mine (X-2,
29.5-30). Apparently, the carbonaceous material is easily leached under
mild conditions to give highly colored waters. This phenomenon has been
observed in some domestic water supplies in western North Dakota.

Acid/Base Neutralization of Overburden Samples

Small amounts (typically 2.5 g) of selected overburden material from
selected sites were added to distilled water. These solutions were brought
to the desired pH with HCl or NaOH. Basically two types of behavior
resulted; see table 17. For the middle pH ranges, 3 to 11, rapid (less
than one hour) neutralization occurred and the solution assumed a pH
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Figure 28. Photograph of pan experiments.

Figure 29. Photograph of typical pan experiment showing accumulation of sulfate salts on the top of the mound of
sediment.
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Figure 30. Photograph of solutions generated by mild leaching of overburden sediments used in pan experiments.
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TABLE 17.--Results of acid/base neutralization experiments.

pH of pH pH Run
Starting After At End Duration
Sample f## Depth (ft)* Water 1h of Run (h)
FALKIRK 10 32.5-~35 1.12 1.12 1.02 23
32.5-35 2.76 7.95 8.3 69
32.5-35 4.2 8.62 8.21 22
32.5-35 7.29 8.24 8.24 a
32.5-35 9.7 9.5 8.8 24
32.5-35 11.07 - 8.45 a
32.5-35 12.89 12.84 12.54 19 ’
CENTER 366 27-29.5 1.16 = 5:31 a
27-29.5 2.85 = 8.00 a .
27-29.5 5.1 - 8.53 a
27-29.5 6.8 = 8.9 a
27-29.5 9.1 9.03 8.4 a
27-29.5 10.75 = 8.45 95
27-29.5 13.05 - 12.0 a
45-47 13.29 13.28 13.01 32
CENTER 361 12-14.5 1.07 1.33 15 36
12-14.5 3.05 = 8.24 a
12-14.5 4.95 - 9.5 a
12-14.5 7.2 - 8.45 a
12-14.5 9.45 = 8.4 a
12-14.5 10.89 10.89 8.62 a
12-14.5 13.23 12.23 12.40 80 ’

a = Run ended when pH stopped changing significantly. .
*Multiply by 0.3048 to convert to metres.
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typical of field collected samples of groundwater. Little change then occur-
red even after long periods (up to 95 hours).

At pH extremes (< 2 or > 12) very slight changes in pH occurred
immediately with no subsequent changes seen for acid samples. Very basic
samples experienced a slow (= 0.01 pH unit per hour) decline in pH pre-
sumably as a result of CO, dissolving in the solution.

Clearly, there exists significant buffering capacity in the overburden
samples chosen. The samples utilized in these experiments included a
complete range of Tertiary textural types as well as glacial till. If these
samples may be considered representative one could generalize to say that
overburden materials of western North Dakota exhibit considerable buffer-
ing capacity.

Such capacity may be exceeded by extreme loads towards either end of
the pH range. It is difficult to imagine a situation where the last statement
would not be true.

DISCUSSION AND CONCLUSIONS

Key Geochemical Processes Accounting for Observed Water
Characteristics in Undisturbed Settings

Significance of Wetting/Drying Mechanism

In the semiarid climate of the Northern Great Plains, and particularly
North Dakota, alternate wetting and drying of the upper portion of the
landscape is extremely significant to the evolution of groundwater chemis-
try. Much of the literature of geochemistry associated with surface mining
has been developed with respect to the much more humid Appalachian
region. When average rainfall exceeds average evapotranspiration, over-
burden deposits are subject to continual leaching. Therefore, changes in
mineralization produced in the near-surface region are moved continuously
downward in the overburden profile. Also, any inherent buffering capacity
of the native overburden will eventually be removed by the continuous
downward flow of water. In the semiarid regime, recharge to groundwater
is spatially and temporally sporadic. Therefore, the overburden profile will
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be subjected to repeated wet/dry cycles. Alternate dissolution/precipitation
of water-borne minerals will necessarily accompany these cycles. The
effects of these cycles were discussed in some detail in the introduction.
Our work does not change this basic discussion except to highlight the
surprising ease with which sulfur mineral oxidation occurs. This will be
discussed in detail below.

Sources of Calcium, Sodium, and Bicarbonate Ions

The operational model that considers calcium and bicarbonate to be the
result of a low pH-driven dissolution of native calcite (along with dolomite)
to produce calcium and magnesium ions is unchanged by the work reported
here. Sodium is still thought to arise from cation exchange with resident
clay as water infiltrates through the profile. These processes are discussed
in detail in the introduction. Recall from that section that a necessary
component of the model was the hydrogen ion production resulting from the
oxidation of pyrite (or any reduced sulfur). The demonstration of complete
oxidation of available sulfur under very mild conditions of exposure to air
and moisture lends considerable credence to this basic premise.

Possible Sources of Sulfate

At any time, there are clearly two sources of sulfate which may event-
ually reach the groundwater via recharge from the surface: presently
existing soluble sulfate salts such as gypsum; and reduced sulfur, either
inorganic (pyrite or marcasite) or organic. The conceptual model outlined
in the introduction suggests that presently available soluble sulfate salts
derive from the oxidation of reduced sulfur. This study has produced no
evidence to the contrary. For the purpose of this discussion, it is not
necessary to consider the ultimate source. It is sufficient to recognize that
there exists a "steady state" concentration of sulfate ions throughout the
overburden profile which migrates along with infiltrating water to the
groundwater. This soluble sulfate may be replenished near the surface as
long as there exists reduced sulfur in the portion of the landscape where
alr and moisture are present. The purpose of the next two sections is to
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account for the relatively high sulfate concentrations in local groundwater,

assuming the two sources mentioned in this section.

Available Sulfate/Sulfide in the Near-Surface Landscape Relative to Con-

centrations Found in Groundwater

We have now established that a finite amount of extractable sulfate
exists throughout the overburden profile at all locations studied. The data
indicate that this sulfate is either in the form of material readily extracted,
or is readily converted to such a form. This conclusion is supported by all
of the leaching and weathering experiments as well as the analysis of cores
for total and extractable sulfur. Thus, while sulfate is found throughout
the overburden landscape, it is possible, in principle, to exhaustively de-
plete it without significantly changing the total mass of the solum. This
is unlikely to occur as long as the North Dakota climate remains semiarid.
A change in hydrological regime to one similar to the Eastern United States
would rapidly change the solum and groundwater chemistry.

The observation that the amount of available sulfate is finite raises the
question of whether the available sulfate is adequate to explain the rather
high sulfate concentrations found in native groundwater samples. A crude
calculation may be done to answer this question. If one assumes that
recharge occurs uniformly over the sampling area and that the average of
values found in the sulfur analysis of core samples is representative of the
total and extractable sulfur, respectively, it is possible to compare the
sulfate available in some arbitrary core volume with the sulfate found in
that column's groundwater.

We have selected two examples for which data is available to illustrate
this calculation. The samples are representative enough of both the region
and the data collected to suggest that there will be some generality to the
conclusions drawn from the calculations. The first of these examples is for
the Center Mine area and the second is for the Indian Head Mine area.

At Center we have assumed that the saturated zone is 20 metres below
the surface and that the saturated zone has a thickness of 20 metres. The
total column considered is then 40 metres deep, or about the depth of the
Hagel lignite bed. If a surface area of one square decimetre is arbitrarily

chosen, the total column wvolume is 400 dm3. If the overburden materials
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are assumed to have a bulk density of 1.8 g/cms, the average of extract-
able sulfur values found for the core Ctr 380 (8.5 x 10_5) indicates that
about 180 g of sulfur as sulfate is available and about ten times that value
of total sulfur is present. If the porosity of the column is 30 percent, the
saturated portion of the column contains 60 litres of water. Groundwater
from a piezometer completed near the core extraction site (Ctr 367A) has
a sulfate concentration of 643 mg/L for a total sulfate mass of 38.6 g. If
all of the extractable sulfate were to find its way into the groundwater,
the polential sulfate concentration is 3,060 mg/L under the assumptions of
this calculation. If all sulfur found its way into the groundwater as sul-
fate, that number would rise to about 30,000 mg/L.

For the groundwater sample from Ctr 3672, however, the sulfate
concentration found corresponds to saturation for the measured calcium
concentration. The ion product for these two species is 2.6 x 10'5. This
value is slightly in excess of the solubility product constant for gypsum,
as given in the introduction, of 2.17 x 10"5 for 10°C. We do not believe
the difference between the two numbers to be significant and suggest that
the wvalue just corresponds to gypsum saturation of the groundwater at
this location. Clearly, sufficient sulfur is available to maintain this sulfate
level. The only way one might expect a significant rise in sulfate in a
disturbed landscape is to change the Na+/Ca2+ ratio in the water.

Comparable calculations for the Indian Head site lead to identical con-
clusions even though the numbers used are superficially quite different.
We made the same assumptions concerning soil properties and nature of
recharge. The column depth assumed was 18 metres. The bottom four
metres was assumed to be saturated. Core X-2 gave an average extractable
sulfur value of 2.7 x 1072 g/g and an average total sulfur of 9.9 x 1074
g/g solum. Available sulfur as sulfate is then 262 g for the column. An
adjacent well, IH 117, shows 1,606 mg/L sulfate, or 19 g sulfate in the
column. As at Center, a considerable excess of available sulfate is present.
Without solubility limitations, an ultimate sulfate potential for the ground-
water is 80,000 mg/L. This is much higher than the comparable value at
Center. Once again, the observed groundwater sample sulfate concentra-
tions are determined by calcium concentrations. The ion product for sample

IH 117 is 2.5 X 10_5 or the same as found at Center. Once again we con-
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clude that for sulfate concentrations to rise significantly in disturbed land-
scapes, the sodium ion would have to increase to a significant degree.

Possible Mechanisms for Generating Sulfate/Sulfide

Up to this point we have demonstrated that sulfate exists in limited
amounts in overburden solum, but that the amount was more than adequate
to account for the'observed sulfate in groundwater samples. This is true
even when this value is large by "normal" sulfate standards. Despite this,
the genesis of sulfur/sulfide in the overburden profile requires some
further discussion. A standard mineralogical analysis of overburden sedi-
ments does not show significant ( >1 percent) amounts of either pyrite
or gypsum. More careful analytical methods show small (> 0.1 percent)
amounts of both distributed throughout the profile. These small amounts of
sulfur mineral have an important impact on groundwater chemistry largely
because enough precipitation does not infiltrate to "wash" them out of the
solum quantitatively.

Our conceptual model accounts for the production of sulfate from
sulfide (introduction) and our experiments during this project lend strong
support to this model. Some suggestion as to the initial source of the
sulfide has been made. However, we have not discussed the unlikely
similarity between average concentrations of oxidized and reduced sulfur.
In the next paragraphs we discuss both of these topics, but this discus-
sion is necessarily speculative as none of the work we have done was
specifically designed to address these questions.

As previously discussed, reduced sulfur appears to occur most com-
monly in fine-textured sediments in the overburden profile. Its solubility
in water in all forms is very limited, so it seems unlikely that it has been
distributed directly by an infiltration mechanism. Reasonable possibilities
include deposition in observed amounts in the original sediment or in situ
reduction from sulfates distributed by infiltration. The last suggestion
seems the least likely of these possibilities, but has not been directly
investigated. Biologically assisted sulfate reduction is well known, but
thermodynamics do not favor a physical counterpart.

Reduced sulfur exceeds oxidized sulfur by factors of two to ten. If a
static landscape is assumed, this seems an inadequate excess to account
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for the observed sulfate concentrations over geologic time. Of course, the
landscape is not static. Slow but constant erosion is occurring which is
continually exposing reduced sediments to air. Consistent application of
our model suggests that erosion will enrich solum below the eroding layer
in sulfate, with no accompanying increase in sulfide. Thus, much of the
sulfate presently found in overburden solum probably arises from sulfide
in near-surface sediments that are no longer present. In essence, the
near-surface sulfate-rich zone is a slowly downward migrating relic of
thousands of years of sulfide oxidation. This zone, in turn, functions as a
reservoir for sulfate which is sporadically flushed to the groundwater
during recharge events. As the data in appendix E affirms, near-surface
cores have considerably more leachable sulfur than those at depth.

Validity and Applicability of the Hydrogeochemical Model to Spoils Settings
Material Redistribution and Increased Availability of Oxygen

The previous discussion summarized the hydrogeochemical model as it
relates to chemical evolution of subsurface water in undisturbed settings in
western North Dakota. The processes and mechanisms described in the
model, as refined by this study, allow us to account for the observed
chemical characteristics of subsurface water in these settings. Evaluation
of the applicability of the model to disturbed (spoils) landscapes requires a
knowledge of the physical and chemical changes that occur in the land-
scape during mining operations and their potential impact on the overall
hydrogeochemical regime.

As was discussed in the introduction, the premining landscape consists
of various components that are more or less in equilibrium with one
another and the forces acting upon them. Disruption of the landscape by
surface mining typically results in two major changes in the landscape.
These are: (1) redistribution of the overburden materials, and (2) in-
creased availability of oxygen in the postmining landscape relative to
premining conditions.

Redistribution of overburden by a dragline during surface mining
operations has been described in detail by Winczewski (1977). That study,
which focused on the Indian Head Mine, indicated that spoils handled by a
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dragline typically consist of non-homogeneous, semi-stratified materials.
That study also indicated that during mining operations sediments from the
mildly reducing environment below the position of the premining water
table are often emplaced in the near-surface oxidizing environment of the
postmining landscape. Conversely, it was observed that sediments from the
oxidized portion of the premining landscape are often emplaced in the
saturated basal portion of the spoils.

Redistribution of overburden sediment suggests the potential for signi-
ficant changes in the chemical reactivity of the landscape. Emplacement of
unoxidized sediments in the oxidizing, near-surface environment increases
the potential for sulfide oxidation, sulfate dissolution/precipitation and
cation exchange on clays. However, there is no reason to believe that such
increased reactivity in the near-surface environment in any way requires
changes in the model. Conversely, emplacement in the base of the spoils
of sediments from the near-surface portion of the premining landscape can
be expected to cause rapid dissolution of sulfate salts in those sediments.
Again, there does not appear to be any reason to believe that redistribu-
tion of sediments in this manner requires reevaluation of the hydrogeo-
chemical model.

During mining operations large volumes of air, and thus oxygen, are
entrapped within voids in the spoils. At least initially, the entrapped
oxygen will promote oxidation of sulfides present in the unsaturated portion
of the spoils. The presence of significant volumes of oxygen in the spoils
can promote the generation of highly mineralized water. However, as in the
case of sediment redistribution, we know of no reason for believing that
this condition in spoils requires any changes in the basic hydrogeochemical
processes and mechanisms as defined in the model.

Subsurface Water Flow and Occurrence in Spoils

The hydrogeochemical model emphasizes the significance of the near-
surface portion of the landscape with respect to chemical evolution of sub-
surface water. Of particular significance is the wetting/drying mechanism
which results from sporadic recharge events. The chemistry of subsurface
water in the upper approximately 150 metres of the landscape in western
North Dakota is determined by geochemical processes that occur during
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recharge. Thus, for the model to be applicable to postmining settings, it
is essential that recharge conditions in the spoils be similar to those which
exist in undisturbed settings.

The vast majority of recharge in undisturbed settings in western North
Dakota results from sporadic depression-focused infiltration (Rehm, et al.,
1982). The stable isotope data, flooding experiments, and sporadic avail-
ability of water from pressure-vacuum lysimeters in the unsaturated por-
tion of the spoils at positions well below the rooting zone all suggest re-
charge conditions similar to those which occur in undisturbed settings in
western North Dakota. Thus, it is appropriate to conclude that the critical
wetting/drying condition and associated geochemical processes are essenti-
ally the same in undisturbed and spoils settings.

The hydrogeologic conditions observed in the saturated basal portion
of spoils at the Center and Indian Head Mines suggest very similar condi-
tions to those which existed prior to mining. The values for hydraulic
conductivity in the spoils fall within the same range as sediments in undis-
turbed settings. In addition, the postmining position of the water table as
observed in spoils at the Center and Indian Head Mines is approximately
the same as in the premining settings. It is clear, as previously discussed,
that the mechanisms and rates of movement of subsurface water are critical
to the hydrogeochemical processes operating in western North Dakota. The
observed similarities in hydrogeologic conditions in spoils and undisturbed
settings at the study sites indicate no reason to suspect that our model is
not equally applicable to spoils as to undisturbed settings.

Subsurface Water Characteristics in Spoils Versus Undisturbed Settings

A summary and comparison of groundwater chemical characteristics in
undisturbed settings and spoils at the Center and Indian Head Mines was
presented in the results section. Comparison of premining groundwater
chemical characteristics at the two mines indicates the presence of typically
a (Na, Ca-SO4, HCO3)- to (HCO3, SO4)-type groundwater at both mines.
The major difference in premining groundwater chemical characteristics at
the two mines is the degree of mineralization. The mean TDS concentra-
tions in groundwater from near-surface coal aquifers at the Center and
Indian Head Mines are 1,257 and 2,427 mg/L, respectively (table 15).
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These differences are a reflection of the mineralogy of the overburden at
the two sites. The overburden sediments at Indian Head are commonly
enriched in fine-textured, sodium montmorillonitic materials. The average
clay content from the 13 analyses in table 7 is 57%. Overburden sediments
at the Center Mine are commonly coarser-t<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>