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CONVERSION FACTORS, VERTICAL DATUM, ABBREVIATED WATER-QUALITY UNITS, AND ACRONYMS

Multiply By To obtain
acre 4,047 square meter
foot (ft) 0.3048 meter
foot per day [(f*/d/ft%) or ft/d] 0.3048 meter per day
foot per foot (ft/ft) 1.0 meter per meter
inch (in.) 254 millimeter
mile 1.609 kilometer
pound 453,600,000 microgram (pg)
453,600 milligram (mg)
453.6 gram (g)
0.4536 kilogram (kg)
ton (short) 907.2 kilogram

Temperature can be converted from degrees Celsius (°C) to degrees Fahrenheit (°F) by the equation:

°F =9/5 (°C) + 32

Sea level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929--A geodetic datum derived from a general
adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Level Datum of 1929.

Abbreviated water-quality units used in this report:

kcal/mol

ne/g
ng/l

pm
puS/cm
meq/100g
mg/L

mL

%0
pCi/L

Acronyms used in this report:

CEC

DOC

EDS

RS

SEM

SMOW

TOC

kilocalories per mole
micrograms per gram
micrograms per liter
micrometers (micron)
microsiemens per centimeter at 25 degrees Celsius
milliequivalents per 100 grams
milligrams per liter

milliliter

molar

per mil

picocuries per liter

tritium units

Cation exchange capacity, in milliequivalents per 100 grams
Dissolved organic carbon

Energy dispersive spectroscopy

Redox state

Scanning electron microscopy

Standard mean ocean water

Total organic carbon

The use of industry or firm names in this report is for location purposes only, and does not impute responsibility for any present effects on

the natural resources.
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GEOCHEMICAL PROCESSES IN GROUND WATER
RESULTING FROM SURFACE MINING OF COAL AT
THE BIG SKY AND WEST DECKER MINE AREAS,
SOUTHEASTERN MONTANA

By David W. Clark

Abstract

A potential hydrologic effect of surface mining of coal in southeastern Montana is a change in the quality of
ground water. Dissolved-solids concentrations in water in spoils aquifers generally are larger than concentrations
in the coal aquifers they replaced; however, laboratory experiments have indicated that concentrations might
decrease if ground water flows from a spoils aquifer to a coal aquifer. This study was conducted to determine if the
decreases indicated in laboratory results occur onsite and, if so, which geochemical processes caused the decreases.
The Big Sky and West Decker Mine areas were chosen for study as both contain coal of the Tongue River Member
of the Paleocene Fort Union Formation, but have differences in mineralogy, ground-water quality, and flow
processes.

Solid-phase core samples of spoils, unmined overburden, and coal and samples of ground water were
collected from 16 observation wells at the two mine areas. Selected solid-phase samples were analyzed for
elemental concentrations, exchangeable cations, and mineral constituents. Water samples were analyzed for major
and trace constituents, selected isotopes, and dissolved gases.

In the Big Sky Mine area, changes in ground-water chemistry along an inferred flow path from an upgradient
coal aquifer to a spoils aquifer probably were a result of dedolomitization caused by the irreversible dissolution of
gypsum at or near calcite-dolomite saturation. Dissolved-solids concentrations were unchanged as water flowed
from a spoils aquifer to a downgradient coal aquifer.

In the West Decker Mine area, dissolved-solids concentrations apparently decreased from about 4,100 to
2,100 milligrams per liter (mg/L) as water moved along an inferred flow path from a spoils aquifer to a downgradient
coal aquifer. Apparent decreases in selected constituent concentrations included: sodium, from 1,500 mg/L to less
than 900 mg/L; bicarbonate, from about 3,000 mg/L to less than 2,400 mg/L; and sulfate, from 1,100 mg/L to less
than 100 mg/L. Data for solid-phase and aqueous geochemical characteristics, including types of reactive minerals,
isotopic ratios, and dissolved-gas concentrations, were used to develop geochemical models to analyze changes in
water chemistry. Geochemical processes postulated to result in the decrease in dissolved-solids concentrations
along this inferred flow path include: bacterial reduction of sulfate utilizing the organic matter in coal as an energy
source; reverse cation exchange of sodium ions for calcium or magnesium ions within the coal; and precipitation of
carbonate and iron-sulfide minerals. Even though these processes are thought to be those most likely occurring,
they are considered nonunique and might not be the only feasible processes. Questions about the sulfate system, the
rate of sulfate reduction, the isotopic composition of the coal, the existence of secondary carbonates and amorphous
iron-sulfide minerals in the coal, and other questions need to be resolved before the geochemical processes occurring
in the system are fully understood.

INTRODUCTION

One of the potential hydrologic effects of surface coal mining in southeastern Montana is a change in the
quality of ground water. Dissolved-solids concentrations in water in spoils aquifers are about 1,000 mg/L
larger (Davis, 1984a) than in the coal aquifers they replaced. Laboratory experiments (Davis, 1984a; Davis and
Dodge, 1986) have indicated that dissolved-solids concentrations might decrease by several hundred milligrams per
liter when ground water flows from an aquifer in coal mine spoils (hereinafter referred to as spoils and spoils aquifer)
back through a coal aquifer. Geochemical modeling of the results of those experiments indicated that several
geochemical processes were occurring, including mineral dissolution and precipitation, and either exchange or
adsorption reactions.

Abstract 1



The Big Sky and West Decker Mine areas in southeastern Montana offered unique opportunities to study such
geochemical processes onsite. Both mines are located in the Tongue River Member of the Paleocene Fort Union
Formation, but distinct differences between the mine areas in mineralogy and ground-water flow processes have
resulted in differences in water quality. The Big Sky Mine area has a local ground-water flow system, with at least
some recharge by direct infiltration of precipitation on permeable overburden and spoils, and a calcium-magnesium
sulfate type water. The West Decker Mine area has a more regional ground-water flow system, with little or no
recharge through the mine spoils by direct infiltration of precipitation on overburden or spoils, and a sodium
bicarbonate type water (Davis, 1984a). Knowledge of the geochemical processes occurring in each mine area and
the relation of those processes to the flow systems and mineralogy can be of considerable value in evaluating future
mining and reclamation efforts. Therefore, this project was conducted in cooperation with the Montana Department
of State Lands and the Bureau of Land Management to further understand the geochemical processes controlling
the quality of water in areas with surface mining of coal.

Purpose and Scope

This report describes the geochemical processes that occur in ground water as a result of surface mining of
coal at the Big Sky and West Decker Mine areas in southeastern Montana. The report is based on data obtained
during 1988 through 1990 from intensive sampling and analysis of rock material and water at several points along
flow paths extending from coal aquifers upgradient of each mine, through spoils aquifers to downgradient coal or
other aquifers.

Data requirements included mineralogy, elemental chemistry, and ion-exchange capabilities obtained from
solid-phase samples collected by core drilling during monitoring-well installation. These data were obtained by
scanning electron microscopy (SEM), X-ray diffraction and other techniques. Other data include ground-water
samples analyzed for major and minor chemical constituents, isotopic composition, and dissolved gases. The data
were then analyzed with geochemical models.

Previous Investigations

Numerous geohydrologic studies have been conducted in the coal-producing areas of southeastern Montana
by personnel of the U.S. Geological Survey, the Montana Bureau of Mines and Geology, and Montana State
University. Davis (1984a) investigated the geochemistry and geohydrology of the Big Sky and West Decker Mine
areas. Davis and Dodge (1986) reported the results of laboratory experiments related to spoils-aquifer water and
coal in the same mine areas; the resulting report was the catalyst for this study. Dockins and others (1980) studied
sulfate reduction in ground water of southeastern Montana. Davis (1984b) estimated ground-water inflow to the pits
at the West Decker Mine area and Lee (1980) studied the regional geochemistry.

Geography

The study areas are in the coal-rich Powder River structural basin, which extends from southeastern Montana
to northeastern Wyoming (fig. 1), in the northern Great Plains Physiographic Province. Both coal-mining areas are
drained by tributaries of the Yellowstone River. The Big Sky Mine area, near the town of Colstrip, is drained by
tributaries of Rosebud Creek; altitudes within this area range from about 3,600 ft above sea level near the northwest
mine boundary to about 3,000 ft near Rosebud Creek. The West Decker Mine area is drained by the Tongue River;
altitudes within the area range from about 4,000 ft at the west mine boundary to about 3,400 ft near the Tongue River.

The climate of most of the non-mountainous areas in southeastern Montana is semiarid. Figure 2 shows the
annual precipitation at Colstrip and Decker from 1979-90, the time period of this and studies cited in the above
Previous Investigations. Average annual precipitation for 1961-90 at Colstrip was 15.06 in., and at Decker was
12.69 in. About half of the annual precipitation occurs during April, May, and June, on the basis of records from
the National Weather Service.

2 Geochemical Processes in Ground Water Resulting from Surface Mining of Coal at the Big Sky and West Decker Mine Areas,
Southeastern Montana.
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Figure 2. Annual and average annual precipitation at Colstrip and Decker, Montana.

Site-Numbering System

In this report, sites are numbered according to geographic position within the rectangular grid system used by
the Bureau of Land Management (fig. 3). The site-identification number consists of 14 characters. The first three
characters specify the township and its position north (N) or south (S) of the Montana Base Line. The next three
characters specify the range and its position east (E) of the Montana Principal Meridian. The next two characters
are the section number. The next four characters designate the quarter section (160-acre tract), quarter-quarter
section (40-acre tract) quarter-quarter-quarter section (10-acre tract), and quarter-quarter-quarter-quarter section (2
1/2-acre tract), respectively, in which the well is located. The subdivisions of the section are designated A, B, C,
and D in a counterclockwise direction, beginning in the northeast quadrant. The final two digits form a sequential
number in order of inventory; for example, site 09S40E16BADCO1 (fig. 3) is the first site inventoried in the
SW14SEaNE1/4aNWu4 sec. 16, T.9 S., R. 40 E,
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METHODS OF STUDY

Changes in ground-water geochemistry within the coal mine areas were quantified primarily by the collection
and analysis of solid- and aqueous-phase samples obtained through the drilling and installation of observation wells.
At both mine areas, wells were completed in coal upgradient from the mine disturbance, mine spoils, and coal
downgradient from saturated spoils. Details on well construction and measured water levels in the observation wells
are shown in table 1. Solid-phase samples of spoils, unmined overburden, interburden, and coal were collected
primarily from cores obtained during drilling. Water samples were collected by pumping or bailing after wells had
been developed.

Solid-phase samples were analyzed for mineral constituents by X-ray diffraction, thin-section petrology, and
scanning electron microscopy (SEM). Well-crystallized minerals were 1dentifiable by X-ray diffraction if their
abundance generally was greater than about 5 percent. Clay mineralogy was determined by X-ray diffraction of
untreated samples, glycolated samples, and samples heated to 550 °C. Petrographic analysis and interpretations
were completed for 10 rock samples, and petrographic analysis and analysis by SEM were completed for thin
sections of selected coal samples. Solid-phase samples also were analyzed using SEM equipped with energy
dispersive spectroscopy (EDS). Thin sections were prepared from cores of coal coated with a conducting layer of
either carbon or gold. SEM photographs were taken and chemical constituents were analyzed with EDS for selected
non-organic grains within the coal thin sections.

Cation and trace-element concentrations and exchangeable cations were determined for 20 selected core
samples from overburden siltstone, sandstone, shale, clinker, and spoils by the Montana Bureau of Mines and
Geology analytical laboratory. Nine coal samples collected from drill cores and one grab sample of coal were
analyzed for 65 major and trace elements by the U.S. Geological Survey, Branch of Geochemistry laboratory.
Selected coal samples were combusted at 800 °C to determine the percentage of ash. Fifteen mg of the ash were
pulverized and sieved to pass 100 mesh and then chemically analyzed.

Ground-water samples were analyzed for a variety of properties and constituents. Analysis included major
and trace dissolved constituents, onsite properties, dissolved gases, and isotopic composition. Water samples were
analyzed for major and trace constituents by the Montana Bureau of Mines and Geology. Isotope and some trace-
metal analyses were conducted by the U.S. Geological Survey National Water Quality Laboratory or private
contractors.

Several properties and constituents including specific conductance, temperature, pH, dissolved oxygen,
alkalinity, dissolved sulfide, and total and ferrous iron were measured onsite because of their potential instability.
Specific conductance, temperature, pH and, where applicable, dissolved oxygen were measured in a flow-through
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sampling chamber after the values had stabilized. At least three well volumes were withdrawn before water-sample
coliection. Water generally was pumped slowly from the well head into the sampling chamber to prevent or
minimize degassing or other atmospheric interference. The dissolved sulfide and iron species were measured
semiquantitatively using a field colorimeter. Samples for laboratory analysis that required filtering generally were
filtered through a 0.45-pm membrane filter; some samples analyzed for dissolved aluminum, iron, and manganese
were filtered through a 0.10-um membrane filter to remove colloidal material.

Dissolved gases were collected using a sampling apparatus illustrated and described in detail by Hobba and
others (1977). A sample of the vapor phase was analyzed by gas chromatographic procedures for nitrogen, argon,
oxygen, carbon dioxide, methane, and ethane. Dissolved gases in water were analyzed by Donald C. Thorstenson
of the U.S. Geological Survey.

Isotopic composition can be a useful indicator of hydrologic and geochemical conditions. Isotopic
fractionation might occur in many elements during phase transitions and chemical and biological reactions. These
fractionations are due to slight variations in the physical and chemical properties of various isotopes of an element
and are proportional to the differences in their masses. The hydrologically significant isotopes considered in this
report are the stable isotopes of oxygen, hydrogen, carbon, and sulfur, and tritium, a radioactive isotope of hydrogen.
Samples for the stable isotopes were collected according to guidelines established by the U.S. Geological Survey
National Water Quality Laboratory. Samples for carbon-13 analysis were treated onsite with a reagent of
ammoniacal strontium chloride. Sulfur-34 for the sulfide ion was determined on a silver sulfate sample precipitated
onsite from an acidified sample using gas stripping and a solution of silver nitrate.

Stable-isotope composition is expressed in & (Del) notation, written as: 8180 for the heavy oxygen isotope;
3D for the heavy hydrogen isotope (?H) given the name deuterium and the symbol D; 813C for the heavy carbon

isotope; and 5°4S for the heavy sulfur isotope. Del notation () is typically expressed as the per mil (%o) difference
in the measured isotopic ratios of a sample and a standard given by the equation:

5 = [B—M—I]XI,OOO, 1)
Rstandard

where R is the isotopic ratio of the element being considered. For example, the relation for sulfur isotopes is:

34o/32 | Sample
534S = ( S S) ~ 1] x 1,000. )
( 34g /328 )Standard

The sulfur-isotopic ratios in the equation might be replaced by the ratios of #0/!°O, D/H, or 3C/**C to obtain &
values for the other elements.

Stable carbon isotopes can be used to determine controlling chemical reactions and various sources of
carbonate along an aquifer flow path. Dissolved carbon in ground water is derived primarily from carbonate
sediments, soil organic matter, the decay of other organic material, and in some instances from atmospheric carbon
dioxide (CO,). Various sources of carbon generally have relatively distinct ranges of isotopic compositions. For

example, the 813C is about 0 + 3 %o for carbonate sediments, about -25 + 5 %o for organic soil matter (wood and
leaves), about -28 + 4 %o for sedimentary organic carbon including coal, about -17 %o for soil CO, in arid climates,
and about -7 %o for atmospheric CO, (Rightmire and Hanshaw, 1973, p. 959).

Sulfur isotopes can be used in geochemical studies to determine the amount of sulfate reduction that has
occurred and to help define geochemical processes and flow paths. Sulfate-reducing bacteria such as Desulfovibrio
desulfuricans reduce aqueous sulfate (SO,4%) to form hydrogen suifide (H,S or HS") in pH-neutral water. The sulfide
is depleted in 34S; therefore, the §34S of the remaining aqueous sulfate is enriched. When values of §34S are known

for both sulfate and sulfide, the fractionation and the mass transfer of the sulfur system can be calculated. The
primary source of sulfate in the study areas is CaSQy, precipitated after the oxidation of pyrite and at least partly

redissolved as the aquifer becomes saturated. At least part of the sulfide is derived from bacterial reduction of
sulfate.

During an earlier study, Ferreira and others (1989) measured stable isotopes at 21 ground-water and 8 surface-
water sites in the surface coal-mine areas of southeastern Montana in 1985. Stable-isotope ratios from the ground-
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water samples ranged from -21.7 to -16.5 %o for 8'20, -167 to -134 %o for 3D, -13.0 to 0.4 %o for 813C, and -9.3 to
6.2 %o for §34S. The median ground-water values, including water from alluvial, overburden, coal, and spoils wells,
were -6.5 %o for 813C and 1.7 %o for 834S.

Tritium concentration also can be an indicator of hydrologic and geochemical conditions. Natural tritium in
precipitation ranged from about 3 to 25 TU (tritium units) prior to 1952. From 1952 to the mid-1960’s, large
amounts of tritium were released to the atmosphere during atmospheric testing of thermonuclear weapons. This
large input of man-made tritium to the atmosphere, and the subsequent input to ground water by recharge from
precipitation, makes interpretation of some ground-water tritium data ambiguous. Examples of data that are not
ambiguous include tritium concentrations less than 1 TU, which indicate no contribution of post-1952 water, and
tritium concentrations larger than 50 TU, which indicate the presence of a significant portion of post-1952 water
(T.B. Coplen, U.S. Geological Survey, written commun., 1989).

Geochemical processes were determined by interpretation of the data, including the use of geochemical
models. Equilibrium speciation calculations were determined for water samples using the computer program
WATEQF (Plummer and others, 1978). These calculations provide saturation indices (SI) of minerals that may be
reacting in the system. The SI of a particular mineral is defined as:

SI = log%——P 3)

T

where IAP is the ion-activity product of the mineral-water reaction and KT is the thermodynamic equilibrium
constant adjusted to the temperature of the given sample. Pertinent thermodynamic data used to calculate the
saturation indices were revised from the original WATEQF (Plummer and others, 1978) and WATEQ4F (Ball and
others, 1987) programs by Nordstrom and others (1990) and are summarized in table 2. The degree of saturation is
expressed by the saturation indices; undersaturation is expressed as a negative saturation index, saturation is
expressed as a value near zero, and supersaturation is expressed as a positive value. Saturation or supersaturation
implies that the mineral might be present in the aquifer or unsaturated zone above the aquifer, whereas
undersaturation implies limited contact between aquifer water and the mineral. Saturation indices, in conjunction
with mineralogic information from the solid-phase samples, can be used to help determine the hydrological and
geochemical processes that are important in the evolution of the observed ground-water quality.

Geochemical mass-balance models were constructed using the computer program NETPATH (Plummer and
others, 1991) to determine the quantities of mineral or chemical species causing the observed changes in water
quality. To solve the models, elemental concentrations and sets of plausible reacting phases for initial waters and
plausible product phases for final waters are required. Mass-balance models simulate the net chemical reaction of
the form:

Initial solution composition + reactant phases = final solution composition + product phases,

where reactant and product phases represent constituents that enter or leave the aqueous phase. Possible reactant
or product phases were selected using solid-phase mineralogic data, speciation calculations, geologic and
hydrologic inferences, and SEM analysis. Mass-balance calculations were made using Rayleigh distillation
reactions calculated with equations developed by Wigley and others (1978, 1979) to determine if a particular
reaction was occurring and the isotopic composition of the final solution.

GENERAL GEOCHEMICAL PROCESSES

The quality of water in the coal and spoils aquifers in the study areas generally is controlled by one or more
major geochemical processes that can occur in the unsaturated zone, such as in recharge areas, or within the
saturated zone. The major geochemical processes are:

» dissolution and precipitation of carbonate minerals,

» oxidation of sulfide minerals such as pyrite,

» precipitation and dissolution of sulfate minerals such as gypsum,

+ ion-exchange and adsorption reactions on clay minerals and organic material,
» suifate reduction,

+ production of sulfide and carbon-dioxide gas, and

* precipitation of sulfide minerals such as amorphous iron sulfide.
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The .xgagnitude of any of these processes depends primarily on the hydrologic and geologic characteristics of the
specific area.

Carbonate minerals such as calcite (CaCOs) and dolomite (CaMg(COs),), if present, might be dissolved in
the near-surface unsaturated zone or in aquifers. Typical reactions might be expressed as:

CaCO, + H* & ca’ + HCO, 4)

and
CaMg(CO, ) ,+2H" &> Ca”* + Mg®" + 2HCQ]" (5)

The hydrogen ions (H") in reactions 4 and 5 can result from oxidation of pyrite or from reactions of water with
CO, gas. Carbon dioxide gas from the atmosphere or organic decay reacts with water:

CO,+H,0 < H,CO, (6)

and the resulting carbonic acid (H,CO3) dissociates:
H,CO, & H*+ HCQ, . (M

The overall effects of carbonate-mineral dissolution are to increase the concentration of calcium (Ca®*),
magnesium (Mg?*), and bicarbonate (HCOj3") ions and to increase pH.

Dissolution and precipitation of carbonate minerals occur primarily within the unsaturated zone as water
percolates below land surface. Dissolution of carbonates is ultimately limited by the ion-activity product of the
particular mineral and whether the system is open or closed with respect to CO,. Within the unsaturated zone, CO,
derived from the atmosphere, from the decay of modem plants and coal, or from root respiration will dissolve in
infiltrating water until the partial pressures of CO; in the vapor and liquid phases are equal. Dissolution of carbonate
minerals will then proceed until the constraints of the ion-activity product and the vapor-liquid CO, pressure
equality are simultaneously satisfied. In waters containing large concentrations of sodium sulfate, ion pairing
reduces the free calcium- and carbonate-ion activities and permits further dissolution of calcite at a particular
unsaturated-zone partial pressure of CO,.

Oxidation of pyrite (FeS,) or other iron-sulfide minerals might occur in the undisturbed unsaturated zone or
within the overburden that has been disturbed by mining. The process initially requires the presence of oxygen,
which is available from infiltrating recharge water or the atmosphere. The oxidation process consists of several
steps, some of which are catalyzed by bacteria. The generalized reaction for the principal process involved is:

4FeS, + 150, + 14H,0 < 4Fe(OH), + 850, + 16H" (8)

If calcium ions are present, calcium sulfate can be formed:

Ca** +50,” " Cas0, . )

The overall effect of the oxidation process is to increase the acidity and the concentration of sulfate ions in
solution. The acid produced as a result of reaction 8 is buffered by the dissolution of carbonate minerals (reactions
4 and 5), which are present in the overburden and spoils. The sulfate ions produced in reaction 8 are either
transported in solution to the aquifer or are precipitated as gypsum or other sulfate minerals as in reaction 9. These
sulfate minerals might later be dissolved and transported to the aquifer by recharge water or; in a semiarid
environment where annual evapotranspiration exceeds annual precipitation, might accumulate in the near-surface
unsaturated zone. When disturbed by mining and replaced at depth, the sulfate minerals become available for
dissolution in the saturated zone of the spoils.

Ion-exchange and adsorption reactions probably are an important process in the unsaturated zone and in the
saturated spoils and coal aquifers. Generally, the process involves reactions on clay minerals where calcium, and in
some cases magnesium, ions are exchanged for sodium ions:
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Mass-balance models were used to simulate possible geochemical changes that might occur as water from the
coal aquifer recharged the downgradient spoils aquifer. Simulations were made for paths from the coal aquifer,
represented by well WDFCL.1, to the spoils aquifer, represented by wells WDFSP3 and WDESP1. The results of
the simulation indicate that the major geochemical processes were the dissolution of gypsum, calcite, and some
dolomite; the exchange of calcium ions for sodium ions; the consumption of carbon dioxide gas; and the dissolution
of minor quantities of strontianite and halite (table 17). The results of the simulations generally were supported by
the solid-phase and gas analysis. Calcite, dolomite, and gypsum were detected by X-ray diffraction techniques and
substantial quantities of carbon dioxide in the water were confirmed by gas analysis (table 12).

Geochemical Processes Along an Inferred Flow Path from Spoils
Aquifer to Downgradient Coal Aquifer

The concentrations of major dissolved ions, some dissolved trace elements, stable isotopes, and dissolved
gases were substantially different in water from well WDESP1 in the spoils aquifer than in water from wells
WDESP2 and WDEDI11 in the downgradient coal aquifer. Selected median dissolved-ion concentrations for
samples from each well are given in table 18. The dissolved-solids concentration decreased by nearly one-half, from
4,170 to 2,140 mg/L, along the inferred flow path from well WDESP1 to well WDED11 (fig. 10). Large decreases
in median concentrations of major dissolved ions include sulfate, from 1,100 to 64 mg/L; bicarbonate, from 3,080
to 2,390 mg/L; and sodium, from 1,500to 890 mg/L. Changes in concentrations of other ions along the inferred
flow path include calcium, magnesium, manganese, strontium, all of which decreased to less than 30 percent of
initial values, and barium which increased about 3,000 percent from the initial value. Although the relative
concentrations of major ions decrease substantially along this inferred flow path, the chemical character of the water
remained a predominantly sodium bicarbonate type (fig. 12).

This study was conducted as a follow-up to the laboratory experiments conducted by Davis and Dodge
(1986). As ameans of comparison, selected median values from the report by Davis and Dodge (1986) are included
intable 18. A comparison between water from spoils and coal shows similar changes in laboratory and onsite results
for most of the selected constituents, including decreases in concentrations of calcium, magnesium, sodium,
bicarbonate, dissolved solids, manganese, and strontium, and increases in barium concentrations. Sulfate changed
relatively little in the laboratory experiments but decreased substantially under onsite conditions because the
experiments did not simulate the reducing environment found onsite. Davis and Dodge (1986, p. 7) concluded that
the reactions causing the changes observed in the laboratory experiments included adsorption or ion-exchange
reactions involving sodium ions exchanging for calcium ions and the precipitation of calcite.

Saturation indices calculated for minerals that might be reacting along the inferred flow path are given in table
16. The saturation state of dolomite and possibly goethite changed from saturated to near saturated or unsaturated
as water flowed from the spoils aquifer to the coal aquifer. The saturation state of quartz, calcite, and strontianite
was virtually unchanged, whereas the saturation state of the sulfate minerals gypsum, anhydrite, and celestite
decreased substantially. Results for the remaining selected minerals generally were mixed.

The large change in the 834S isotopic ratio in sulfate of -0.2 to 62.5 %o along the inferred flow path was due

to enrichment of the heavier sulfur isotope, whereas the change in the §!3C in carbon of -0.8 to -9.4 %o was
due to enrichment of the lighter carbon isotope (table 13). The magnitude of these isotopic changes is significant
in that the changes occurred along a relatively short inferred flow path. Concentrations of carbon dioxide gas
decreased substantially along the inferred flow path, and concentrations of methane increased (table 12).

Analytical results of solid-phase samples collected from drill cores were used to help substantiate potential
geochemical reaction processes. Calcite and dolomite were relatively common to abundant in the spoils; gypsum,
pyrite, siderite, and barite were identified in trace amounts; and smectite and kaolinite were the prevalent clay
minerals (tables 4, 5, 6). Relatively large concentrations of sodium (table 7) and exchangeable sodium (table 8)
demonstrate the sodic nature of the rock material in the West Decker Mine area. The presence of iron-bearing
minerals such as goethite, pyrite, and siderite indicates that iron was available for the precipitation of iron-sulfide
minerals.

Potential Reaction Processes

The changes in ground-water chemistry that occurred as water flowed from the spoils aquifer to the coal
aquifer were likely the result of at least several reaction processes. The largest changes were decreases in the
concentration of sodium, sulfate, and bicarbonate ions, and increases in dissolved sulfide. Possible reaction
processes were the exchange of sodium ions for calcium ions on the surface of organic matter, bacterial reduction
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of sulfate which decreased sulfate concentrations and produced sulfide ions, removal of the produced sulfide ions
by precipitation of sulfide minerals, and decreases in the concentration of bicarbonate by precipitation of carbonate
minerals. For all these processes to proceed in the same system, specific hydrogeochemical reactions must have
occurred.

lon-Exchange and Adsorption Reactions

lIon-exchange and adsorption reactions within saturated coal might have been important processes resulting
in the decrease in cations as water flowed from the spoils aquifer to the coal aquifer. Typically, calcium or
magnesium ions exchange for sodium ions (equation 10). If the reaction is reversed, the concentration of sodium
ions in solution decreases and the concentration of calcium or magnesium ions increases. The extent to which
exchalmge occurs primarily depends on the cation-exchange capacity (CEC) of the solid and the ion concentrations
in solution.

The CEC for specific clay minerals generally is well known (Carroll, 1959, p. 754). Although coal and other
organic material potentially have a relatively large CEC, only sparse information is available. Data for lignite
samples from the Tongue River Member of the Fort Union Formation at a mine area in North Dakota (Donald C.
Thorstenson, U.S. Geological Survey, unpub. data, 1985) indicate that the CEC of the lignite averages about
70 meq/100g, which is similar to the value of 70-100 meq/100g for smectite, an expandable clay, as reported by
Carroll (1959, p. 754).

Typically, divalent calcium or magnesium ions in solution will exchange preferentially for monovalent
sodium ions. However, in somc solutions containing large sodium concentrations (Drever, 1982, p. 84, Davis and
DeWiest, 1966, p. 91) and in solutions containing virtually no dissolved calcium or magnesium and relatively large
concentrations of dissolved sodium (Palmer and Cherry, 1984, p. 49), the sodium ions in solution tend to be
exchanged for calcium or magnesium ions. Monovalent sodium ions in solution are unlikely to displace divalent
ions unless the sodium percentage, which is the percentage of total cations in milliequivalents made up by sodium,
is considerably greater than 50 (Hem, 1985, p. 161). The sodium percentage for the water from wells in the West
Decker Mine area is considerably greater than 50 and generally greater than 90.

The possibility of the exchange of sodium ions for calcium ions in coal has been addressed in previous studies.
Davis and Dodge (1986, p. 6) hypothesized about this exchange on the basis of experiments. During an earlier study
of sodium and associated elements in the Anderson-Dietz 1 coal bed near Decker, Mont., Hildebrand (1988, p. 218)
reasoned that the coal contains significantly larger concentrations of sodium, strontium, and barium and significantly
smaller concentrations of potassium, calcium, and magnesium than samples from the Powder River structural basin
owing to ion exchange. That study concluded that a large sodium percentage in the ground water causes chemical
disequilibrium, which in turn causes sodium cations to be adsorbed by the coal in preference to other dissolved
cations. The other adsorbed cations, particularly potassium, calcium, and magnesium, are then exchanged for the
adsorbed sodium ions, resulting in a gradual increasc in the sodium content in the coal. Large concentrations of
barium and strontium in the coal could also be a result of cation adsorption.

Suifate Reduction

Another major geochemical change along the inferred flow path was the substantial decrease in the
concentration of dissolved sulfate from about 1,100 to 64 mg/L (table 17) and the subsequent increase in the
concentration of dissolved sulfide. The removal of most of the sulfate is assumed to be the result of bacterial
reduction with oxidation of organic carbon as the energy source. Dockins and others (1980, p. 6) found relatively
large numbers of the sulfate-reducing bacteria Desulfovibrio desulfuricans in 25 of 26 observation wells sampled in
southeastern Montana, and reported sulfide concentrations of about 1 mg/L. The occurrence of the sulfide in water
in these coal aquifers probably can be attributed to bacterial reduction of sulfate and not to the slow kinetics of
abiotic sulfate reduction.

Two assumptions are made for sulfate reduction and associated reactions to occur--the organic carbon source
utilized is the subbituminous coal (represented compositionally by CH,0) and the Fe;O is present as a source for
iron and FeS, is present as a sink for sulfur (Thorstenson and others, 1979, p. 1,493). Using these assumptions,
sulfate reduction with iron-sulfide precipitation can be represented by the following irreversible reaction:

15CH,0 + 2Fe,0, + 88042' +H,CO;4 sulfate-reducing bacterig 4FeS, + 16HCO5 + 8H,0 . (13)
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With the completion of sulfate reduction, decomposition of the organic matter might continue according to the
reaction:

2CH,0 = CH, + O, . (14)

On the basis of results of hypothetical geochemical models, Martin and others (1988, p. 91) indicate that an
ideal situation for large decreases in dissolved-solids concentrations within a coal aquifer involves populations of
sulfate-reducing bacteria, organic-carbon sources that can be utilized by the bacteria, and a source of iron that will
facilitate removal of the produced sulfide by mineral precipitation. Because coal at the West Decker Mine area is
subbituminous, and in some instances nearly lignitic, the source of organic carbon for the bacteria was assumed to
be the coal itself, which likely contains an unlimited supply of aromatic carbon compounds available to the bacteria.

Both dissolved sulfate and methane were detected in water samples from the coal aquifer (tables 11, 12). This
geochemical incongruity is potentially explaincd by the existence of microzones within the coal aquifer, where all
dissolved sulfate has been removed by reduction and where methanogenesis predominates. Chapelle and others
(1988, p. 170) suggest that such bacterial microenvironments produce a mosaic of redox conditions, resulting in
apparent redox non-equilibrium conditions. Sulfate-reducing bacteria generally will outcompete the methanogens
in the same system, primarily because both rely on the same fermentation products, including hydrogen, an
intermediate product in the decomposition of organic matter. When sulfate concentrations are not limiting, the
sulfate-reducing bacteria maintain hydrogen at a concentration so small that methane production from hydrogen is
thermodynamically unfavorable (Loveley and Goodwin, 1988, p. 2,994). However, at minimal sulfate
concentrations, the metabolism of the sulfate reducers is so limited that methanogens might be able to outcompete
the sulfate reducers and prevent further sulfate reduction.

Precipitation of Suifide and Carbonate Minerals

Potential products of the reaction processes are iron-sulfide and calcium-carbonate minerals. Plummer and
others (1990, p. 1,994-1,998) report laboratory studies wherein reactions of sulfide gas with goethite (HFeOy) at

temperatures of 22 to 24 °C formed an iron-sulfide precipitate that was assumed to be either a form of very fine-
grained pyrite or amorphous iron sulfide. If iron was available within the coal aquifer, either dissolved or as
goecthite, then the sulfide gas produced during sulfate reduction could have rcacted with the iron and precipitated an
iron-sulfide mineral. Therefore, in a system where sulfide concentrations are small, sulfate reduction might still
occur at relatively fast rates because the sulfide is being precipitated. Results of petrographic analysis for this study
(table 4) indicate the presence of iron oxidcs, chemical analyses of water (table 11) indicate relatively large
concentrations of dissolved iron, and thermodynamic calculations (table 16) indicate that some water is
supersaturated with respect to goethite. Therefore, sufficient iron was assumed to be available for the precipitation
of iron-sulfide minerals. The form of the iron-sulfide minerals was not determincd as part of this study.

Carbonate minerals, such as calcite or magnesian siderite, might have precipitated as a result of reaction
processes. A relatively large decrease in bicarbonate concentration along the inferred flow path (table 11) was likely
a result of carbonate-mineral precipitation. Even though concentrations of calcium decreased along the inferred
flow path (table 11), speciation calculations (table 16) show that all waters were slightly oversaturated with respect
to calcite. The degree of oversaturation required to precipitate calcite given the observed ficld conditions is
unknown, but the calculated oversaturation was assumed to be sufficient for precipitation.

Results of Laboratory Experiment

A laboratory experiment was conducted to determine if the decrease in dissolved-sodium concentrations
along the flow path could be the result of preferential exchange of sodium ions in solution for calcium and
magnesium ions in the coal. The experiment was conducted using coal samples from the West Decker Mine area
collected during the drilling of observation wells, and concentrated solutions of sodium sulfate (Na,S04). The
experiment was conducted using samples of coal collected from the saturated and unsaturated zones. Samples from
each zone were used to determine the effect of soluble minerals in samples from each zone on the experiment results.

Four of five crushed coal samples were initially mixed with deionized wash water for 48 hours to determine
the quantity of soluble minerals within the coal. The mixing water was then decanted, filtered through a (0.45-pm
filter, and analyzed for major ions. The coal was air-dried for 48 hours. The fifth coal sample, used as a control,
was not mixed with deionized water. The five coal samples were then mixed using a 1:1.5 weight ratio with a
Na,SO, solution in 500-mL bottles. Two concentrations of Na,SO, solution, 0.05 and 0.1 M, were used. The

bottles, filled completely to eliminate oxygen, were shaken periodically for 48 hours. The mixtures settled, and the
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coal and solutipns were separated by decanting and filtering through a 0.45-um filter. The filtered samples and the
Na,SO, solutions were analyzed for major ions.

Results of analyses of post-mixing wash water indicated substantial differences in the concentrations of the
major constituents between mixtures using coal from the unsaturated zone and mixtures using coal from the
saturated zone. The dissolved-solids concentration in the wash water from the unsaturated-zone mixtures was about
twice that of the wash water sample from the saturated-zone mixtures (table 19). In addition, the wash water from
the unsaturated-zone mixture was a sodium sulfate type, whereas the wash water from the saturated-zone mixture
was a sodium bicarbonate type. These results might indicate that as water levels declined, soluble sodium-sulfate
or sodium-carbonate minerals were precipitated above the water table.

When the sodium-sulfate solutions were added to the coal samples, analyses of the post-mixing solutions
showed a general decrease in sodium concentrations and a large increase in the concentrations of calcium and
magnesium ions. Sodium ions from the 0.05 M Na,SO, solution apparently were exchanged for about 150 mg/L
of calcium ions and about 60 mg/L of magnesium ions (table 19). Sodium ions from the 0.1 M Na,SO, solution

apparently were exchanged for about 340 mg/L of calcium ions and about 130 mg/L. of magnesium ions, or
approximately twice the amount exchanged from the 0.05 M Na,SO, solution.

The results of the experiment indicate that sodium ions in solution can be preferentially exchanged on coal
for calcium and magnesium ions. A large concentration of sodium ions in solution, especially when compared to
small concentrations of calcium and magnesium ions, might control the direction of the exchange reaction (equation
10) and the quantity of exchange. The large concentration of sodium ions in the spoils water relative to the
concentration of calcium and magnesium ions (table 11) indicates that the conditions for exchange of sodium ions
for calcium or magnesium ions existed in the study area.

Mass-Balance Reaction Models

An objective of the geochemical modeling was to identify reactions or processes that resulted in the initial
quality of ground water and caused chemical changes to occur along inferred flow paths. Ideally, the modeling
would determine the quantities and types of minerals reacting in the system, either precipitating or dissolving, and
would calculate speciation and isotopic effects as the reactions progressed. Geochemical mass-balance models were
constructed to calculate the mass transfer of phases between water in the spoils aquifer and water in the
downgradient coal aquifer. Possible reactant or product phases are listed in table 20.

The wells along the inferred flow path were sampled three times from October 1988 10 May 1990. However,
mass-balance calculations are presented only for the October 1988 samples, for which dissolved-gas analyses and
full isotope analyses were available. Sulfur-isotope analyses for sulfate and sulfide in water collected in May 1989
from well WDESP2 were used in calculations. Mass-balance calculations were made using water-quality data for
four wells (table 21).

Plausible Phases

Eight plausible reactant or product phases were considered for mass-balance reaction modeling (table 20).
Organic matter was assumed to represent a carbon source and was included as a probable energy source and electron
donor for bacterial reduction of sulfate. Sources of available iron species, such as goethite, are assumed to be present
in sufficient quantities for the precipitation of pyrite or other iron-sulfide mineral forms such as amorphous FeS.
Dissolved sulfide was included as a product of sulfate reduction because of the presence of sulfate-reducing
bacteria. Carbon dioxide was included as a product of the oxidation of the organic matter. Calcite and magnesian
siderite were included as plausible sinks for the removal of bicarbonate. Cation exchange of sodium ions for
calcium or magnesium ions was included as a plausible phase for removing sodium ions from solution and for
providing calcium and magnesium ions necessary to precipitate calcite, magnesian siderite, or other carbonate

minerals.

Oxidation-reduction reactions are considered plausible along the inferred flow path, including sulfate
reduction and the oxidation of organic matter and ferric hydroxide. The redox state (RS) shown in table 21 is a
method of keeping track of electron transfer for redox reactions. The redox state is defined as follows:
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RS = Zmivi (15)
i=1

where

I the number of species in solution,
mj the molality of the i’th species in solution, and

vi = the operational valance of the species.
Further description of operational valance and redox state is addressed by Plummer and others (1990, p. 1,991).

Isotopic Ratios

Stable-isotope data for dissolved carbon, sulfate, and sulfide were used in conjunction with other water-
quality data to construct geochemical-reaction models for the inferred flow path from the spoils aquifer to the
downgradient coal aquifer. Isotopic data were included in reaction modeling because they might provide an
independent constraint without adding an additional phase. The sulfur- and carbon-isotope data were treated as
Rayleigh distillation and not as dilution or isotope mass balance. Rayleigh distillation is a process where products
in a chemical or physical reaction differ isotopically from the reactants and are isolated from the system after
formation. Rayleigh distillation reactions were used to calculate the isotopic composition of the final solutions. The
calculations were an independent check, because the correct reaction model would be among those predicting the
observed isotope composition. The equation used for this report is described by Busby and others (1991, p. 43) and
was adapted for Rayleigh distillation of the sulfur-isotope composition of dissolved sulfate from the equations
developed by Wigley and others (1978, 1979).

To model fractionation and evolution of isotopes along the inferred flow path, isotopic values of initial sources
and final products or isotopic sinks are needed. The value for a dissolved source, such as sulfate, can be determined
from an aqueous sample. However, determining values for a solid source, such as an amorphous or microcrystalline
precipitate, can be considerably more difficult. Some data are available in the literature for isotopic ratios of various
sources and sinks.

Carbon

Dissolved carbon in ground water primarily is derived from carbonate sediments, soil organic matter, the
decay of other organic material, and in some instances, atmospheric CO,. The 813C of the dissolved carbon can

vary widely depending on the source of the carbon. Values of 8'*C for coal range from -24 to -30 %o for samples
collected from the Powder River structural basin, including the West Decker Mine area (Holmes, 1988, p. 211).

Other values of 8!3C for coal include -28 + 4% for sedimentary organic carbon (Rightmire and Hanshaw 1973, p.
959). The 813C of -0.8 %o in the initial water, well WDESP1 (table 13), was likely derived from dissolved
carbonate or CO,. The 813C of the dissolved carbon changed substantially along the inferred flow path to -8.8 and
-9.4 %o--potentially a result of bacterial fractionation of the carbon in the subbituminous coal.

The concentration of dissolved organic carbon (DOC) in water in the coal aquifers probably was significant.
DOC samples were not collected during this study; however, concentrations in about 40 DOC and total organic

carbon (TOC) samples collected by Lee (1979) from wells completed in the Tongue River Member of the Fort
Union Formation ranged from 0.1 to 83 mg/L. and had a median value of about 5 mg/L. This median value was

assumed to be representative of DOC in the coal aquifer at the West Decker Mine area, and the 3!3C of the DOC
was assumed to be the same as the §13C of the coal from which it presumably was derived.

Sulfur

The difference between the 534S values of the sulfide and sulfate (34A) determined in one sample was
calculated by the equation:
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34A = SMSHZS - 8348304. ( 16)

The 34A used for this study, as calculated from the values at well WDESP2 (table 13), was -41.2 %o at a

temperature of 17 °C. The equilibrium value for 34A for this system is not known; however, various studies
indicate an approximate value of about -65 %0 (Back and others, 1983, p. 1,422). The value of -41.2 %o most
likely represents non-equilibrium conditions controlled by microorganisms or, in other words, a kinetic
fractionation mediated by bacterial action.

Plummer and others (1991, p. 19) present an equation:
834SH23 = 8348304 - 54 + 0.401, (17)

to calculate 34A based on linear function of temperature (¢ in°C). Using the temperature of 17 °C in equation 17,

the calculated 34A would be -47.2 %o which is in general agreement with the 34A determined for this study (-41.2
%0). The value of -41.2 %o was therefore assumed to be the sulfur-isotope fractionation value representative of
water from wells in the West Decker Mine area.

Water from 15 wells completed in alluvial, coal, shale, sandstone, and spoils aquifers in southeastern Montana

was analyzed for 84S values for sulfide and sulfate (Dockins and others, 1980, p. 6). Values of 534S for sulfides
ranged from -38.50 to 6.68 %0 and averaged -23.80 %o, whereas values for sulfate ranged from -0.20 to 45.17 %o

and averaged 7.96 %o. The 34A for these samples ranged from -9.54 to -48.13 %o and averaged -32.31 %o.

Requirements for Preparing Mass-Transfer Models

The 8!13C value of organic matter (CH,0) used in the models varied between -20 and -32 %o, but generally

ranged from about -28 to -30 %o. Although this range is slightly isotopically lighter than the -25 %o that is commonly
referenced, it does fall within the range of values reported by Rightmire and Hanshaw (1973, p. 959) and Holmes
(1988, p. 211).

The initial 634SSO4was assumed to be equivalent to the value from well WDESP1 of -0.2 %¢. No additional

input of %S from other sources such as gypsum, anhydrite, or pyrite was likely because dissolved-sulfate
concentrations decreased along the inferred flow path. The 34A fractionation of -41.2 %o was assumed to be the
fractionation value along the inferred flow path; therefore, the 834$H23 used for samples from wells WDESP1 and

WDED11 was calculated by subtracting the fractionation value from the values of 8348304.

Amorphous iron sulfide (FeS) was included as a product because of the presence of H,S, and goethite
(HFeO,) was included as a reactant. A laboratory study (Price and Shich, 1979) indicated reactions of H,S with
goethite precipitated fine-grained pyrite, and the pyrite had only a slightly different 34S than that of the H,S source,
indicating little fractionation occurred between H,S and the precipitated pyrite. Therefore, for the purpose of the
mass-transfer model, the 3348 of precipitated amorphous iron sutfide was assumed to be equal to that of dissolved
H,S.

Sulfate reduction was assumed to have occurred at relatively fast rates. Even though dissolved H,S was
detected in relatively minor quantities, the H,S might have either degassed or precipitated as an iron-sulfide mineral
in the presence of goethite. At least two products for the reduced sulfate were therefore considered in the model:
H,S gas, and precipitation of an iron-sulfide mineral in conjunction with the dissolution of an iron mineral such as
gocthite.

Another likely product was siderite, an iron-carbonate mineral detected in solid-phase samples from the West
Decker Mine area (table 5). Siderite apparently is rarely found as pure FeCO jand the substitution of Fe?* by other
metallic ions such as magnesium (Mg) and manganese (Mn) is common (Deer and others, 1966, p. 487). Siderite
might contain Mg in substitution for Fe to a complete solid solution as magnesite (MgCO3). For the purpose of this
mass-transfer model, magnesian siderite was assumed to precipitate at atmospheric temperatures and pressures with
a composition of Fey 7Mg; 3CO;5.
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Ton exchange probably was an important reaction along the inferred flow path, as evidenced by results from
the laboratory experiments and by the decrease in dissolved sodium ions. Ion exchange was calculated primarily
for sodium ions exchanging for calcium ions, and to a lesser extent, for sodium ions exchanging for magnesium
ions.

Traces of methane (CH,) were detected in dissolved-gas analyses (table 12). Although methane was not

considered to significantly affect the overall geochemical results, it may have affected the calculated value of 813C,
and therefore was included in the geochemical modeling. Methane production was assumed to occur either in
microzones where sulfate had been removed, or after sulfate reduction had virtually eliminated dissolved sulfate
from the entire system. The §13C of methane was assumed to have a value of 50 %o less than the measured 8!3C in

water from each well (Plummer and others, 1990, p. 1,999).

The supply of water from some wells was not adequate to accurately measure all parameters in a closed flow
cell, including onsite measurement of some pH values. In such instances, the pH values were calculated using
concentrations of alkalinity and CO, gas (table 12) (Pearson and others, 1978). A substantial difference between
the onsite and calculated values was detected only for the sample collected from well WDED11 in October 1988.
The onsite value of 7.2 was corrected to a calculated value of 7.8 for use in thermodynamic calculations (table 21).

Mass-Transfer Results

The results of mass-transfer calculations for calcite, magnesian siderite, organic matter, goethite, iron sulfide,
H,S gas, CO, gas, and ion exchange, in millimoles per kilogram of water, are listed in table 22. The calculated and

observed 6!3C and 6°**S values, and the assumed isotopic composition of organic matter and sulfur-isotope
fractionation values, are also listed in table 22. The mass-transfer results are listed for four combinations of wells
along the inferred flow path. Path 1 has water from spoils well WDESP1 as the initial water and water from coal
well WDEDI1 as the final water, path 2 has water from spoils well WDESP1 as the initial water and water from
coal well WDESP?2 as the final water, and path 3 has water from coal well WDESP2 as the initial water and water
from coal well WDEDI1 as the final water. In addition, transfer was calculated along a fourth path, which included
initial water from spoils well WDESP1 and mixing of water from an underlying coal bed and coal well WDEDI1
as the final water. When the results from paths 2 and 3 are added together, the sum generally should equal the results
from path 1, excluding the isotopic ratios.

The computed mass transfer from the initial water to the final water (table 22) represents net millimoles of
each phase entering (positive sign) or leaving (negative sign) a kilogram of water. For example, water from spoils
well WDESP1 moving along path 2 to coal well WDESP2 (table 22) might evolve according to the following net
reaction:

phases entering solution
Water from well WDESP1 + 17.5 CH,O + 5.64 HFeO, + 10.0 CaMgX' =

Water from well WDESP2  +9.09 CaCOj3 + 8.06 Fep Mg 3CO;3 + 838 H, S+ 11.8 CO, +10.0 Nap X (18)

phases leaving solution

The principal calculated mass transfers (table 22) were the oxidation of organic matter, the corresponding
production of CO, gas, the exchange of sodium ions in solution for calcium and magnesium ions, and the
corresponding precipitation of calcite and magnesian siderite. Two separate plausible reactions were calculated for
the sulfur "sink": production of H,S gas, and the dissolution of goethite with the corresponding precipitation of iron
sulfide. Most likely, the sulfur "sink" was a combination of H,S production, which was detected, and precipitation

of iron sulfide.

Most of the mass transfer was calculated to occur between spoils well WDESP1 and coal well WDESP2 (path
2, table 22), where water from the spoils aquifer flows into the coal aquifer, and where sulfate reduction and
exchange of sodium ions for calcium or magnesium ions is initiated. Calculated mass transfer along the path from
coal well WDESP2 to coal well WDED 11 indicate the same processes; however, the magnitude of the mass transfer
was less than between wells WDESP1 and WDESP2. The results considered to be most representative of the
inferred flow path are those calculated for the entire path from spoils well WDESP1 to coal well WDEDI11, path 1

in table 22.
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To use the isotopic data as an additional modeling constraint, the mass-transfer results and the Rayleigh
distillation equations of Wigley and others (1978, 1979) were included in the geochemical model NETPATH
(Plummer and others, 1991) to predict observed values of 813C and 84S at the downgradient wells (table 22). An
example of these detailed calculations is given in the NETPATH manual (Plummer and others, 1991).

Comparison of the calculated and observed 3!3C values helps in determining whether the predicted reactions
might represent plausible reactions. The calculated and observed results for 5!3C along path 1 (table 22) were
similar and based on representative isotopic values for the reacting and product phases. The results indicate that the
isotopically light carbon of the subbituminous coal (-29.5 and -28 %o) was likely utilized as an energy source by the
sulfate-reducing bacteria. The utilization of the carbon caused the 5!3C in the water to become increasingly light
along the path from a §*3C value of -0.8 %o in the initial water to a value of -9.4 %o in the final water. The input
values of 313C (-29.5 and 28 %o) for both sets of mass-transfer calculations for path 1 are within an acceptable range

of values. However, for the separate halves of the path (paths 2 and 3), the 8!3C values needed for the calculated
values to approximate the observed values were unrealistically heavy, -21 %o. or light, -31 %o (table 22).

Additional carbon inputs were dissolved organic carbon (DOC) and methane (CH4). Both DOC and CH,
were assumed to contribute carbon as an energy source for sulfate reduction. However, concentrations of both were
relatively small compared to the quantity of carbon from organic matter necessary for the reactions to occur as
postulated and therefore were not included in the mass-transfer calculations.

Mass-transfer results indicate that a large quantity of organic matter was oxidized and a correspondingly large
quantity of CO, gas was outgassed. Although the quantity of CO, gas calculated to be outgassing was large, the
quantity might not be unreasonable. The aquifer was relatively shallow and contained highly fractured coal, the
overburden had been removed or replaced by spoils, and test holes which could vent CO, gas had been drilled
throughout the area. In addition, relatively large concentrations of CO, gas were observed in samples collected in
the West Decker Mine area (table 12).

Sulfur-isotope results were used to provide an additional constraint in the mass-transfer modeling. Sulfur-
isotope values (8%4S) changed from -0.2 %o in water from spoils well WDESP1 to 33.2 %o in water from coal well
WDESP2, to 62.5 %0 in water from coal well WDEDI1. For the October 1988 samples, the dissolved-sulfate
concentration decreased from 1,100 mg/L. in water from WDEPSI, to 250 mg/L in water from WDESP2, to
51 mg/L in water from WDEDI11. This change was postulated to be the result of bacterially mediated sulfate
reduction and not necessarily the result of another process such as dilution. Thermodynamically, the reduction of
sulfate in the presence of reduced carbon (subbituminous coal) should proceed to the virtual disappearance of sulfate
throughout the aquifer.

The magnitude of sulfate reduction observed is not unlikely when compared to other studies. Laboratory
experiments performed by Fritz and others (1989, p. 103) induced sulfate reduction by Desulfovibrio desulfuricans
bacteria in anaerobic water with a known initial sulfate concentration. Results indicated that the loss of dissolved
sulfate during reduction was paralleled by increasing &S values in the remaining sulfate (fig. 13). Experiments
conducted for 211 to 228 days showed the largest isotope enrichment, whereas an experiment conducted
for 50 days showed less isotope enrichment. The dissolved-sulfate concentration and isotope data from wells
WDESP1, WDESP2 and WDED/11 plotted on figure 13 show a similar pattern of decreasing sulfate and increasing
enrichment of 8S, indicating the loss in sulfate likely was due to sulfate reduction. The data from the experiments
by Fritz and others (1989) including initial and final sulfate concentrations and §34S values closely match the data
from the three wells. The time for the sulfate-reduction reaction for the experiments, 50 to 228 days, probably is
similar to the time needed to produce the sulfate-reduction results observed in the three wells. These data would
appear to provide further support for the assumption that wells WDESP1, WDESP2, and WDED1 1 are along a flow

path.

Results of initial mass-transfer modeling using observed data and assumed values for input resulted in
calculated 813C values closely approximating the observed 8!3C values. However, these same input data, including
a 34A of -41.2 %o, resulted in calculated §34S values that were about twice the observed 334S values. For the
calculated values to approximate the observed values for the entire inferred flow path, a 34A factor of about -20 %,
or about one-half the observed value, was needed. Additional model hypotheses were made in an attempt to have
both carbon and sulfur isotope constraints result in calculated values that approximated observed values.

One hypothesis was adding a source for mixing water along the inferred flow path, causing the decrease in
sulfate to be a result of both dilution and reduction. A potential source of mixing water is upward leakage from the
underlying Dietz 2 (Dz2) coal bed. Upward leakage of water from the Dz2 coal bed into the Anderson-Dietz 1 (A-
Dz1) coal bed is conceivable either through abandoned test holes or by diffuse seepage when water levels in the Dz2
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Figure 13. Relation of sulfate concentration in water to 534S values in residual sulfate after bacterial sulfate reduction.

coal bed were above the bottom of the A-Dz1 coal bed, and may have occurred during the late 1970's and early
1980's (Van Voast and Hedges, 1975, p. 14). Data from a ground-water flow model (Davis, 1984a) indicate the
potential for a small quantity of premining vertical flow from the Dz2 to the A-Dz1 coal beds. Premining water-
quality data from well WR-07 (tables 1 and 21) were considered to be representative of mixing water from the Dz2
coal bed. Isotopic values of 813C and §34S for the mixing water were assumed to be the same as the values from
coal well WDED11, which contained the water with the smallest ion concentrations.

Mass-transfer model simulations were made with a range of mixing proportions, from about 10 percent Dz2
water and 90 percent spoils water to about 40 percent Dz2 water and 60 percent spoils water. Results from a model
with 20 percent Dz2 water and 80 percent spoils water are givenin table 22. When the resuits of path 4 are compared
to path 1, a substantial decrease in the mass transfer of all reactant and product phases is indicated. In order for
calculated values of 313C to match observed values, the addition of mixing water required changing the assumed
813C isotopic composition of the organic matter from -28 %o to -31 %o, which is perhaps unrealistically light.
Mixing the low-sulfate Dz2 water with the spoils water resulted in a slight change in the sulfur-isotope fractionation
input factor from about -20 %e. to about -23 %e, which is still not close to the observed factor of -41.2 %.. When a
larger percentage of Dz2 water was used in the mixing models, the sulfur-isotope fractionation value that resulted
was more negative, but the assumed 8'*C input value needed to be lighter and therefore even more unrealistic.
Therefore, using mixing of waters in the mass-transfer models did not help solve problems related to the sulfur-
isotope constraints.

Another possible explanation of the problem with the sulfur system is that water along the inferred flow path
was not in chemical equilibrium. This explanation might mean that the sulfur concentration in the initial well,
eventually reduced to the concentration in the final well, might have been considerably smaller than the observed
1,100 mg/L. However, results from mass-transfer models, wherein the sulfate concentration in the initial well was
decreased from 1,100 to 500 mg/L or less, showed only a slight change in the sulfur-isotope fractionation factor and
large discrepancies in the carbon-isotope results.
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Mass-transfer models with isotopic constraints gave inconclusive results, especially with regard to the sulfur
system. Observed and input data for the carbon-isotope system appear to be realistic; however, assumptions made
about the sulfur system apparently are incomplete. If the sulfur-isotope fractionation factor were approximately
-20 %ec rather than -41.2 %o, the model results would approximate observed results. Data in the literature support
sulfur-isotope fractionation factors ranging from O to -65 %o, and where the reaction is fast, kinetic fractionation is
relatively smail. However, no explanation is apparent as to why the observed difference between 334S of sulfide
and sulfate was -41.2 %eo.

The most significant parameter in modeling error and inconsistency was 34A, thé sulfur-isotope fractionation
factor, which was measured at only one of three wells along the flow path. In addition, unknowns about the §13C
of the coal and the form of sulfide precipitate contributed to potential errors. Some parts of the modeling results,
including the product and reactant phases, the proportions of the quantities transferred, and the carbon-isotope
system, probably represent a reasonable solution to the geochemical processes that occurred along the inferred flow
path. However, an almost unlimited number of small variations in isotopic composition, product phases, or minor
changes in some analytical data due to uncertainties would also resuit in calculated values of d13C in close
agreement with the observed values. Therefore, the calculated results are nonunique and semiquantitative. Possible
reasons why the sulfur system could not be adequately modeled with observed data include that the water did not
flow directly from the spoils aquifer to the coal aquifer without other influence, the water was not evolutionary, or
additional isotopic data are needed to resolve the problem.

Verification of Results

Important phases in the mass-balance results were precipitation within the coal matrix of iron-sulfide minerals
and the carbonate minerals, calcite and magnesian siderite. The quantity of either precipitate was likely very small
in comparison to the mass of the coal matrix and therefore was difficult to confirm. The thermodynamic conditions
and relatively short time frame probably equate to amorphous or microcrystalline mineral formation, making it
unlikely that the quantities and size of precipitated iron-sulfide or carbonate minerals were large enough to be
identified by standard techniques.

Minerals within fractures in the coal were extracted where possible, and analyzed by X-ray diffraction. Clay
minerals were detected most frequently, including large quantities of almost pure crystalline kaolinite. In addition,
significant quantities of pyrite, barite, and fibrous gypsum, apparently formed by the oxidation of microcrystalline
pyrite, were found on the surface of the coal. In general, X-ray diffraction was not suitable for detecting the
microscopic minerals expected to precipitate, primarily because of the lack of a method to extract the minerals from
within the structure of the coal.

Scanning electron microscopy (SEM) also was used to quantify minerals precipitated within the coal. Thin
sections prepared from coal having visible fracturing and from small fragments of coal affixed to slides were coated
with a conducting layer of either carbon or gold for SEM analysis. Energy dispersive spectroscopy (EDS) was used
to identify elements of non-organic material within the coal samples. Amorphous or microcrystalline minerals
precipitated as a result of geochemical changes would likely be found in relatively porous areas of the coal such as
fractures, cleats, or vugs. Therefore, SEM and EDS primarily were used to search cemented microscopic fractures
for carbonate and iron-sulfide minerals. The SEM and EDS were used in an attempt to verify the existence of these
minerals and not necessarily to quantify them.

A photomicrograph from SEM of a fracture in coal collected from well WDESP1 at a depth of 123 ft is shown
in figure 14a and an enlargement of a section of that fracture is shown in figure 14b. The SEM was used with
backscatter, which accentuates areas with heavy minerals such as iron sulfide. The lighter area around the fracture
(fig. 14b) might be iron sulfide as the EDS graph for that area (fig. 14¢) indicates a predominance of iron and sulfur.
The physical structure of the material within the lighter area (fig. 14b) does not appear to be significantly different
from the surrounding organic material, possibly indicating that the iron sulfide identified using EDS does not have
a definite crystal structure but is instead amorphous. Similar SEM photomicrographs and EDS graphs indicating
non-crystalline iron-sulfide were obtained for several other samples containing cemented fractures.

Carbonate-mineral precipitation was a major part of simulated water-quality changes along the inferred flow
path. However, examples of precipitated calcite were difficult to locate and identify positively. If calcite did
precipitate within the coal aquifer, the crystal form and association with organic or non-organic material would be
unknown. Numerous samples observed using SEM and EDS contained crystals that were primarily calcium,;
however, these crystals were relatively large (5 to 20 um) and not always within the structure of the coal. Other
samples had non-organic material identified as predominantly silicon and calcium at various ratios, possibly
indicating calcite associated with quartz. Examples of minerals containing both calcium and sulfur were fairly
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4. The capacity of the coal, or other organic-carbon source, to exchange sodium ions for calcium or
magnesium ions in order to reduce concentrations of dissolved sodium ions and facilitate
carbonate-mineral precipitation.

SUMMARY

A potential hydrologic effect of surface mining of coal in southeastern Montana is a change in the quality of
ground water. Dissolved-solids concentrations in water in spoils aquifers generally are larger than concentrations
in the coal aquifers they replaced; however, laboratory experiments have indicated that the concentrations might
decrease if ground water flows from a spoils aquifer to a coal aquifer. This study was conducted to determine if the
decreases indicated in laboratory results occur onsite and, if so, which geochemical processes caused the decreases.
The Big Sky and West Decker Mine areas were chosen for study as both contain coal of the Tongue River Member
of the Paleocene Fort Union Formation but have differences in mineralogy, ground-water quality, and flow
processes.

Solid-phase drill-core samples of spoil, unmined overburden, and coal and ground-water samples were
collected from 16 observation wells at the two mine areas. Observation wells were installed along inferred flow
paths to obtain samples for quantifying possible geochemical changes as ground water flowed from an upgradient
coal aquifer to a spoils aquifer, and from a spoils aquifer to a downgradient coal aquifer. Selected solid-phase
samples were analyzed for elemental concentrations, exchangeable cations, and mineral constituents. Water
samples were analyzed for major and trace constituents, selected isotopes, and dissolved gases. Equilibrium
relations and mass-balance calculations were determined for water samples using geochemical models.

In the Big Sky Mine area changes in ground-water chemistry varied according to the inferred path studied.
Along a path from the upgradient coal aquifer to the spoils aquifer, dissolved-solids concentrations increased from
about 2,200 to 3,800 mg/L. These changes probably were a result of dedolomitization caused by the irreversible
dissolution of gypsum at or near calcite-dolomite saturation. In contrast, along a path from the spoils aquifer to the
downgradient coal aquifer, dissolved-solids concentrations were unchanged and concentrations of most dissolved
ions were relatively small and probably not solely related to geochemical processes.

In the West Decker Mine area dissolved-solids concentrations increased substantially as water from an
upgradient coal aquifer potentially flowed into a spoils aquifer. Increases in the concentration of dissolved sulfate
and sodium most likely were the result of dissolution of gypsum followed by exchange of calcium or magnesium
ions in solution for sodium ions on the smectite clays in the spoils aquifer. An increase in bicarbonate concentration
was likely due to dissolution of calcite or dolomite.

Along an inferred flow path from a spoils aquifer to a downgradient coal aquifer at the West Decker Mine arca
dissolved-solids concentrations apparently decreased from about 4,100 to 2,100 mg/L. Apparent decreases in
selected constituent concentrations included: sodium, from 1,500 mg/L to less than 900 mg/L; bicarbonate, from
about 3,000 mg/L to less than 2,400 mg/L; and sulfate, from 1,100 mg/L to less than 100 mg/L. Data for solid-phase
and aqueous geochemical characteristics, including types of reactive minerals, isotopic ratios, and dissolved-gas
concentrations, were used to develop geochemical models to analyze changes in water chemistry. Geochemical
processes postulated to result in the decrease in dissolved-solids concentration along this inferred flow path include:
bacterial reduction of sulfate utilizing the organic matter in coal as an energy source; reverse cation exchange with
sodium ions in solution exchanging for calcium and magnesium ions within the coal; and precipitation of carbonate
and iron-sulfide minerals. Results of geochemical modeling were substantiated by solid-phase analysis and by
applying Rayleigh distillation equations to the fractionation of carbon isotopes as an additional mass-balance
constraint. Geochemical-modeling results using sulfur-isotope data as an additional constraint were inconclusive,
implying that assumptions may have been incorrect or additional data were required. Even though these
geochemical processes are thought to be the most likely to occur, they are considered nonunique and might not be
the only feasible processes. In addition to sulfur-isotope data, questions about the rate of sulfate reduction, the
isotopic composition of the coal, the large quantity of CO, produced, the existence of secondary carbonates and
amorphous iron-sulfide minerals in the coal, and other potential questions need to be resolved before the actual
geochemical processes occurring in the system are fully understood.

On the basis of results from this study, it can be assumed that concentrations of some dissolved ions in spoils
water will decrease if allowed to flow to a coal bed under certain geochemical conditions. Some of the geochemical
conditions most likely to result in large decreases in dissolved-solids concentration include a population of sulfate-
reducing bacteria, organic carbon suitable for use by sulfate-reducing bacteria as an energy source, a source of iron
to facilitate the precipitation of iron-sulfide minerals, and the capacity of the coal to exchange sodium ions in
solution for calcium or magnesium ions.
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Table 1. Records and water levels of observation wells from the Big Sky and West Decker Mine areas, Montana

[Site-identification numbering system described in text. Altitude of measuring point: Accuracy variation due to surveying method. Aquifer
zone--Big Sky Mine area: R, Rosebud coal bed: St, spoils from mining of the Rosebud coal bed; Sm, spoils from mining of the McKay coal bed;
Mc, McKay coal bed; sub-Mc, sandstone below the McKay coal bed: Se-Mc, stratigraphic equivalent of the McKay coal bed. West Decker Mine
area: A-Dzl, combined Anderson-Dietz 1 coal bed: Sp. spoils from mining of the Anderson-Dietz 1 coal bed: Dz2, Dietz 2 coal bed)

Depth to

Aititude of Depth of Altitude of
. water Date
Observa- . measuring  welibelow Screened . water level
Site identification . Aquifer beiow water
tion well point above land interval . above sea
no. zone measuring level
no. sea level surface (feet) . level
(feet) (feet) point (feet) measured
(feet)
Big Sky Mine area
BSUMRI1 0IN41E21DADBO1 332543 104 84-108 R 69.5 3,255.93 09-22-88
68.79 3,256.64 10-05-88
68.74 3,256.69 10-20-88
68.54 3,256.89 04-19-89
67.69 3,257.74 05-10-90
BSUMSPI 01N41E21DADAOI 3,321.14 75 55-75 Sr 70.4 3,250.74 09-22-88
67.13 3,254.01 10-20-88
67.02 3,254.12 04-19-89
67.03 3.254.11 05-10-90
BSUMSP2 0IN41E21DADAO2 3,322.94 78 58-78 Sr 65.37 3.257.57 10-04-88
65.58 3.257.36 10-20-88
65.59 3.257.35 04-19-89
65.59 3.257.35 05-10-90
BSLMSP3 0I1N41E27ADDB01 3,261.34 50.5 32-50 Sm 35.63 3,225.711 10-05-88
35.64 3,225.70 10-18-88
35.38 3,225.96 04-19-89
35.49 3,225.85 05-23-89
35.42 3,225.92 05-09-90
BSLMSP!1 (1N41E27ADDB02 3,259.35 51 41-51 Sm 33.68 3,225.67 09-15-88
33.76 3.225.59 10-05-88
33.72 3,225.59 10-18-88
33.68 3.225.67 04-19-89
33.58 3,225.77 05-23-89
33.49 3,225.86 05-09-90
BSLMMC1 O0IN41E27ADACG1 3,257.49 44.5 38-44 Mc 32.60 3,224.89 09-15-88
32.69 3.224.80 10-05-88
32.68 3,224.81 10-18-88
32.58 3,224.91 04-19-89
32.19 3,225.30 05-22-89
32.44 3,225.05 05-09-90
BSLMMC2 01N41E27ADACO02 3.256.55 40.5 30-40 Mc 33.05 3.223.50 09-15-88
33.18 3,223.37 10-05-88
32.89 3,223.66 10-18-88
32.46 3,224.09 04-19-89
32.47 3,224.08 05-22-89
32.19 3,224.36 05-09-90
BSLMMC3  01N41E27ADACO3 3.257.93 37 29-37 Mc 33.40 3.224.53 09-15-88
33.49 3.224.44 10-05-88
33.54 3,224.39 10-18-88
33.36 3,224.57 04-19-89
33.29 3,224.64 05-23-89
33.28 3,224.65 05-09-90
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Table 1. Records and water levels of observation wells from the Big Sky and West Decker Mine areas, Montana

(Continued)
Depth of
Altitude of :e" Depthto  Altitudeof
Observa- .
) Site identification mc_easurlng beiow S_creened Aquifer waterbe!ow water ievel water
tion weli no point above land interval zone measuring above sea lovel
no. ‘ sea level (feet) point levei
(feet) surface (feet) (feet) measured
(feet)
Big Sky Mine area--Continued
BSLMSM1 0IN41E27ADABO1 3,233.09 62 52-62 sub-Mc 41.67 3,191.42 09-15-88
41.66 3,191.43 10-05-88
41.44 3,191.65 10-19-88
40.85 3,192.25 04-19-89
41.44 3,191.65 05-10-90
BSLMMCS5 0IN41E27ADABO02 3,232.11 22 12-22 Se-Mc 19.94 3,212.17 10-19-88
19.45 3,212.66 04-19-89
19.50 3,212.61 05-10-90
West Decker Mine area
WDFCLI 09S40E09DACDO1 3,498.0 96 84-96 A-Dzl 82.25 3,415.75 10-26-88
83.82 3,414.18 03-27-89
84.12 3,413.88 05-10-89
85.68 3,412.32 05-09-90
WDFSP3  09S40E09DACCO1 3,492.5 94 83-94 Sp 83.7 3,408.8 09-12-88
88.64 3,403.86 10-26-88
87.56 3,404.94 03-27-89
88.53 3,403.97 05-10-89
90.17 3,402.33 05-09-90
WDFDI12 09S40E09DDBCO1 3.507.3 108 98-108 A-Dzl 100.49 3.406.8 10-26-88
99.66 3,407.6 03-27-89
99.77 3,407.5 05-10-89
100.38 3,406.9 05-09-90
WDESP1 09S40E16BADCO1 3,522.0 144 134-144 Sp 125.7 3,396.3 09-12-88
124.49 3,397.5 10-25-88
125.31 3,396.7 03-27-89
125.39 3,396.6 05-10-89
128.04 3,394.0 05-08-90
WDESP2 09S40E16BADC02 3,521.2 135 125-135 A-Dzl 126.8 3,394.4 09-12-88
124.18 3,397.0 10-25-88
125.08 3,396.1 03-27-89
125.35 3,395.8 05-10-89
128.24 3,393.0 05-08-90
WDEDIl 09S40E16BADCO03 3.519.8 136 116-136 A-Dzl 123.1 3,396.7 09-12-88
122.98 3,396.8 10-25-88
124.05 3,395.8 03-27-89
124.28 3,395.5 05-10-89
127.6 3,392.2 05-08-90
WD 2225 09S40E09DBADOI 3,517 120 100-120 Sp 106.63 3,410 09-29-88
DS-5B 09S40E09DCABO02 3.506 140 100-140 Sp 96.28 3,410 09-10-88
96.06 3,410 05-10-89
WR-01 09S40E16ABCAO1 3,498 104 - A-Dzl 103.22 3,395 05-10-89
WR-06 09S40E16ABCDO1 3,499 135 115-135 A-Dzl 103.07 3,396 05-10-89
WR-07 09S40E16ABCD02 3,498 207 180-200 Dz2 107.12 3,391 05-10-89
DS-6A 09S40E16BABDO! 3,515 157 142-154 Sp 112.76 3,402 05-10-89
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Table 2. Summary of revised thermodynamic data

{Data from Nordstrom and others (1990) except where noted. Abbreviation: AH? . enthalpy of reaction; log K, equilibrium constant;
Kcal/mol, kilocalorie per mole. Symbol: --, no data)

AHS

Mineral Reaction (kcal/;\oI) logK
Quartz SiO, +2H,0 = H,SiO, 5.99 -3.980
Calcite CaCO0s5 = Ca’*+ CO% 2.297 -8.480
Aragonite CaCOj = Ca?*+ CO% -2.589 -8.336
Dolomite! CaMg(C03); =Ca* + Mg?* +2CO5> 9436 -17.09
Strontionite SrCO, = 5r** + CO5% -.40 -9.271
Siderite? FeCOs = Fe?* + CO3% - -10.89
Gypsum CaS0,2H,0 = CaZ*+ SO + 2H,0 -109 -4.58
Anhydrite CaSO, = Ca? + 50> -1.71 -4.36
Celestite SrSO, =5r?* + 50> -1.037 -6.63
Barite BaSO, = Ba?*+ SO,% 6.35 9.97
Goethite HFeO, + 3H* = Fe > + 2H,0 - -1.0
FeS(ppt)® FeS = Fe?* + 5% - 4.3.915

1'l‘herrnodynamic data are for ordered dolomite.
2Thermodynamic data are for crystalline siderite.
3Am0rphous iron-sulfide precipitate.

4Data from Plummer and others ( 1978).
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Table 3. Logs of observation wells from the Big Sky and West Decker Mine areas, Montana

[Thickness penetrated is in feet. Bottom of depth interval is in feet betow land surface]

Thick- Bottom
Lithology ness of depth
pene- interval
trated
Big Sky Mine area

Observation well BSUMR 1 drilled September 22, 1988
FAIL tOPSOI] ..eeoniinctit ettt ettt e s e s et en et et sas s et e see et et 5 5
Mine SPOILS, Gray, SANAY .....ccceeeietererrire ittt et s ettt sr e st easae st e st en s sarsanaensscrasassssrenseresnsanassssras 30 35
Mine spoils, sandy, clinker, calcareous 15 50
Mine spoils, grayish-green, sandy.......... 17 67
SiltStONe, Bray ......cccocererreicrrireceenceenereeeeearesesens 2 69
Sandstone, gray, very fine grained, CalCar@ous ..............cccverereeiniririciernereeie ettt st enes 2 71
SANASIONE, WEL.....eerreeeieeiiecetteeeee et eeetee st e e e e e esraes e aesee s stesanee s s aesaneenseesnsneansusasnnssssmesnesansesessssessnannssesrnnn 12 83
Coal (Rosebud); water 21 104
Shale, Bray; Qry oot e e s et et e s 1 105
Observation well BSUMSP1; drilled September 21, 1988
Fill, topsoil, clinKer, Shale ........cc.ccooeeniiiniiiciiirinc ettt sre b s s e b eat b s n e sr s ene 5 5
Mine Spoils, SANAY; MOISL. c...crveueeeecceiriiir e bt sess s srsrs et srsssrs st serbens bt sense 5 10
Mine spoils, sandy, contains gravel, CAICATEOUS........c.evevvreriie i siecercrieieis ittt sescrea s casas s seessasssnsaeas 12 22
Mine spoils, sand, clinker, coal; moist 38 60
Mine SPOils, SANA; WEL ........ocuiveiviriiiiiniieccciei ettt e s sae e R sanenans 34 )
SRALE ...t a s st et e s s et sae e et e bbb e s e s Rt sae e et o s et e g e s eeentaesnnes e anearane 1 95
Observation well BSUMSP?2; drilled September 21, 1988
MIneE SPOILS, SANAY; MIOISE......eveeireeeeireirie st st ee et s ss s b s ab s sas e s s s bsavas s st b e shebesea b e enarens 20 20
Mine spoils, sand, clinker, coal; MOISt.......c.coovcviiiiiciiiiiicctcc e e 65 85
Mine spoils, sand; wet 12 97
SRALE c.eieeieeeiieee ettt e e e e e e et e st es s ea set et sae s s aen ses s e e ae et eananaas seesan e e saeea e she s an e oh 1 98
Observation well BSLMSP3; drilled September 21, 1988
MineE SPOILS, COBL c.coveeriieniiiiiienrcr ettt e st e e s s s be s e R s srner e 10 10
MiDE SPOILS, SANG ...ttt e e s s s e b b sa e e e R e e ens 10 20
Mine spoils, SaNAY, dark ...........c.ccoiiiiiiicc e e e e s e e e 5 25
Mine spoils, coal; wet 13 38
Mine spoils, siltstone, sandy, Coal; WaLET.........coevvvrriiiieiriiice e s seaesn e 12 50
Sandstone (SUB-MCKAY) ......cccoovmniiiiinmmiiii it r s ass s e s en s et ensas b e s s s anase e 5 50.5
Observation well BSLMSP1; drilled September 13, 1988
Mine spoils, CHIKET, COAL ....c.ooooviiiiiii e e een st b s s er e 5 5
Mine spoils, SANAY, CAICATEOUS........cc..cuvvimiirircririt ettt ence s s s s ssaens s sbenssnasre s 19 24
Mine SPOILS, SANAY.....corerivmrrirriririririine s ensb b s s b e s e et ra e s nRese e e e s e s aRea 8 32
Mine spoils; water.......... ettt e bbb s SRR e st s F R R aR SRR R Ee R SR s Se e e A SRR TR R R seR R aeS 10 42
Mine spoils, coal, Shale; WatT .........ccoviviiiiiiriiciiccecrir et e sbe s 7 49
Sandstone (SUD-MCKAY) ....ccovrvirvvriririiiiircseieiiiinnei e se s stssre s st e assn s e sasses ssmensss ersnsarane 2 51
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Table 3. Logs of observation wells from the Big Sky and West Decker Mine areas, Montana (Continued)

Thick- Bottom

Lithology ness of depth
pene- interval
trated

Big Sky Mine area—-Continued

QObservation well BSLMMCY: drilled September 13, 1988
Mine Spoils, YellOWISh-DIOWIL............coiiiiiieneiei ettt nensbs s e st sansas e e 10 10

MIDNE SPOILS, SAN....c.cireieiiiriertiricreeiereec et et e ee et saseet st s s e s et ea st s ses st seeassen s snssasananesenen 5 15
Mine spoils, SANA, TOCKS, BIOWIL.....cc.o.oirtiierieenercerini et es et ere e seseessas e ssa st e s assssesnenssssssrasesesnesesnes 9 24
Mine spoils, sand, Coal, CHIKET .........coueeeenrieeerercer et cerceeiaer et cesesee s semet st s esseseeaetscaeescrncasasessencassanen 8 32
Mine Spoils, SISIONE, SANAY .......ccocouieecurireceniecr ettt emseec e seses et sesesess s s sssa et smsnssesanasasess 3.5 355
Coal (McKay) .......ccoeueveveenreeee. 8.5 44
Sandstone (SUD-IMCKAY)....c...ccovinireiiirirsriniseerensietnsinsisessssessressessosseressessessesasssassessassesssssssasssessansassasssasss .5 44.5
Observation well BSLMMC?2; drilled September 14, 1988

IMHDE SPOILS...cerueeieercee ettt sttt cs e s seb e s s e as st st as s seeae see s o sas s b eue e ses et euar nes e se et saeae s e nee s 23 23
SHlSIONE, ZIAY ...ceeceriiriieiiiceier ettt ettt ee e s s st e ere s st tat bt e n s sme sas sn et et et et et ere s 6 29
Coal (McKay) .....cccoeenene. 10 39
Sandstone (sub-McKay) 1.5 40.5
Observation well BSLMMC3; drilled September 14, 1988

MIDNE SPOIIS c.rvtiritrvitrmiirintcrrneie e e s s e b e R R R R e e na b s 5 5
Mine SPOilS, CHIKET .....oviviiiriit ittt st e st es s e sere b srs s seane e seessnnes N 10
Mine spoils, calcareous.... 5 15
SHItSLONE, CALCATEOUS. . .o...evveircnceriereriosterseserisee s sascasr s et se s et ees s s s sessasbeness s sostaesssanasssssssanessnssasssses 3 18
Siltstone, grayish-green, CalCareoUS. ... ...covueririeitiineeeiiiii et sre et s arrabesssesssananss s 5 23
Siltstone, yellowish-bDrown, SANAY ...t e s e enr e 2 25
Organic, dark, NOM-COAL.........cviriierinenterientie et s srsest s s e s snesuasamon s sasns saerneanon 2.5 27.5
Coal (McKay) ....ccccoeueenn. 9 36.5
Sandstone (sub-McKay) 5 37
Observation well BSLMSMI: drilled September 14, 1988

FIIl, ClINKET ......oceei et ieeeeereeeereecee e cereste e ste s et e e e ee s seestransassseshesraassns snaessenseersesnasors fomns shesustnsmnsrnnsarese 8 8
Shale, Hght-BIrOWn..........ceeivieeiiecii e 5 13
Siltstone and sandstone, hard, red..... 2 15
SHIESIONE, SAMAY ....veveeereeeeeerceeieinrecretr ettt ses b et e s et s b e e e er R e s n e 15 30
SANASIONE ...ttt e s sb e s SRS re R a b e e R SRR SR SR S e R sre s R ser s 7.5 375
Siltstone, gray, slightly calcareous (SUb-MCKaY) .......cccvomveuimninnnmeienni s et s 12.5 50
Siltstone, gray, some sand (SUD-MCKAY) ......coccceriiiirinnmniirineiiiinsieen s sasse s ses s sasness 5 55
Sand, gray (Sub-MCKay); Water .........ccveviiiremriiiiere ittt e senns s st e st e s st s 7 62
Observation well BSLMMCS; drilled September 20, 1988

Fll, CHOKET ..ottt sttt st sttt st st st e ses e sns e e ea s ssa bbb e e sassessesemsaseeees st seeemsssnsnnes 5 5
SRALE ...ttt ettt er st es e s ea e a e s as e s R s SR e eR S SRR R SRR s et b es et ebe et et et 14 19
Sandstone and SiltStONE, TeA; MOISL........cceeieiiiecerrirerreeeereesteeeeereetearesessrr e st essesensssessanesssssnrersssensanerasenes I 20
SHIESIONE, BIAY ...eveveuererenerererereestinesseseasaesereaseseserssesesesareststsess sessssasasnssssssssstsisssmss sossresssssssstesessseaenranassensaes 2 22
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Table 3. Logs of observation wells from the Big Sky and West Decker Mine areas, Montana (Continued)

Thick- Bottom
Lithology ness of depth
pene- interval
trated
West Decker Mine area

Observation well WDFCL 1; drilled September 12, 1988
Fill, shale and silistone, CAlCATEOUS ........ccuvierirerce ittt s e s s s e sr e enan 5 5
Mine SPOILS, CHIKET ....cocerrcriritce ettt s en s s st e sas b senen srs s mss e rnss 4 9
Mine spoils, brown shale, CAICAIEOUS......c....curveriire ettt s e s e sas s sb s enas 3 12
Mine spoils, €0al AN SAN .......cvvicriiviierre e e s e 24 36
Mine spoils, sand and clinker 1 37
MIDE SPOILS, SAN......cviereiiiiicec ettt et s b b e s s b s a R R e s n et R e st shaes 2 39
MINE SPOILS, COBL ....cvemiiiiiiiiei ettt et e e bbb e s e s senes 2 4]
Mine spoils, SaNd and COAL ..ottt s et st et e e en s 6 47
(01111 = OO RSP R P 13 60
Clinker, sandy; moist.... \ 7 67
C0al (ANEISON-DHELZ 1) ceevrievrerteeniriercucneeeserere et et ses e s e s s et as e s s a b bs st ab s baraseus enes 18 85
Coal (Anderson-Dietz 1), contains some pyrite; wet 10 95
SRAIE; QY ..erieieirireririeeerer ettt e e e e s s Rt S 1 96
Observation well WDFSP3; drilled September 11, 1988
MINE SPOIIS ovvereeererrece ettt e b e e b b R R g e 30 30
Mine spoils, gray siltstone, calcareous..... 5 35
Mine spoils, gray shale.........cccocviivioiciiniiicrenneeeencrieeee 17 52
Mine spoils, gray siltstone, calcareous........c.eiieverirennissssrsesons 1 53
Mine spoils, coal and clinker............ccoeeoveevvinennnne. 2 55
Mine SpOils, Zray ShAlE......ccoovioiiiniineiieerie et e s s s s 3 58
Mine spoils, cONtains SOME CHIKET ..........vvuvireeretierietset st s s b e 7 65
Mine SpOils, Gray SHAlE.........ocieriiiiieiiis et e e 5 70
Mine spoils, coal, and SiltSLONE, CAICATBOUS ......c.ccrirrerrrreieierrise et st ses e sttt ses s sensas s 4 74
Mine spoils, brown shale, Clinker, and €0al......u.c..cvveiieirniiesenn et s 6 80
Mine spoils, gray shale............... 4 84
Mine spoils; contains some coal 8 92
SRALE ..o eeetere e er ettt ees ettt s e s R R s Ses e sERR SR e ke bR bR R R e b e R R SE R se st 2 94
Observation well WDFD12; drilled September 10, 1988
MIDNE SPOILS co.euveereeireeieesees e ceestre e sess bt st ser st b s bbb s s e b ae s s R s st bR 25 25
Mine spoils; wet 2 27
Mine spoils, gray, calcareous; contains coal; dry 3 30
Mine spoils, BIOWRISH-GAY ........cocouiiiiiuiineneiisnnneint ettt st e s 11 41
Mine spoils, SHSIONE, CAICATEOUS...........oeuriiererere s e bbb bbb 8 49
Shale .....ooeeeiieecerere e e S 54
Coal (ANAEISON-DHELZ 1) covceiiee vttt ser s st e s s e st s ts b e s b e s aan s 43 97
Coal (Anderson-Dietz 1); wet .... 10 107
SRAIE ....ooiieiieeieee i ieiaeaes e sae st s raes as e e e she s ae s besaee e SRS SR Ao RS S e R A bR Ra TR SRR SRS S L she R s b e vae SR s euaen et e e st R s s v 0n 1 108
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Table 3. Logs of observation wells from the Big Sky and West Decker Mine areas, Montana (Continued)

Thick- Bottom

Lithology ness of depth
pene- Interval
trated

West Decker Mine area--Continued

Observation well WDESP1; drilled September 8, 1988

Mine spoils.......cccocoeeeeinnnn 6 6
Mine spoils, calcareous 2 8
MINE SPOILS......iieiiiitieriicn e et e s e s e e e nan s 5 13
Mine spoils, calcareous 2 15
Mine spoils, rocks, coal, CalCArEOUS. .........c.cvvvierriviimiiiin et s 35 50
Mine spoils, coal .. 5 55
Mine spoils, gray sﬂtstone calcareous 10 65
Mine spoils, dark shale..............oouiiiiiiiiie e et on 18 83
Mine spoils, brown shale, CAICATEOUS..........cevviviimviiiri i caese e s ssss e srsas s sensn 19 102
Mine spoils, gray siltstone, calcareous... 2 104
Mine Spoils, Brown, SOfL........ccoovimmiiriniiee e e e senen 12 116
MIDNE SPOILS, TOCK ...ceverimivmnriritiiitce et csrre oo a s st s easas s s sa et b s sea b e seasassn st sene b oncnern 3 119
Mine spoils, gray, fine-grained ... 13 132
Mine spoils; water.. 7 139
Mine spoils, coal .... 3 142
Shale; AIY oo e e e e s r e se e en e e nnees e 2 144
Observation well WDESP2; drilled September 10, 1988

Mine spoils, fine-grained, slightly calcareous .........ocovvevmierririniinnnrei it es 45 45
Mine spoils; contains some coal 19 64
Mine spoils, powdery, CONAINS SOME COAL........uoverrreriiriinremieci ettt ser st sesse s ene s cascs 31 95
Mine SpOils; SOft, COAL..urueruveneieirtretetieeter st s st et e s 7 102
Coal (Anderson-Dietz 1) 32 134
Coal (Anderson-Dietz 1), pyrite 1 135
SRAJE. ...ttt et e et st e et e b e ea e bR b e R AR e RO RS SR et e b e R st R et eRese st anes .5 135.5

rvation wel ed S ber 9, 1988

MIDE SPOILS....couetieimenirieirieret et ittt st sas s e a s et s s R n b et s e e e s st 0 11 11
Siltstone, yellowish-brown, slightly calcar€ous.......ocvueveuruemriiiiie et e 7 18
Siltstone, gray, calcareous..........ocvevveiiivcierninrinns 3 21
Siltstone, brown...........c..c.... 6 27
Shale, grayish-black.............. 10 37
Siltstone, gray, calcareous 2 39
Shale, grayiSh-black .........ccocivmriiirenneriiiienmrecmes e e e 4 43
Siltstone, gray, calcareous 2 45
SRALE, GIAY ...cevuuecmrrcnenirerini st see s et arser e st s b b b ses e bR R SRR b eh et ehe e e R R s rsassnarans 17 62
SiltStone, Eray, CALCATEOUS......c.cuemmrereurecettemeeeeireeencesms bt sens bt sms s sssea b b s as b bbb e e ras s 2 64
Shale, gray... 16 80
Coal (Anderson-Dletz ]) .............. 50 130
Coal (Anderson-Dietz 1); water... 5 135
Shale, WhitiSh=-DIOWIL; Y .....ccccviieiiiiieriii st st et er s s srsns shan s sebsa s besasa s nar aenen 1 136
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Table 4. Petrographic analyses of selected core samples from mine spoils and unmined consolidated rock from the

Big Sky and West Decker Mine areas, Montana

[Depth of sample: in feet below land surface. Symbol: --, no data]

Depth of
Observa- Major identifiable mineral Minor identifiable mineral
sample General lithology

tion well no. foot) (5 percent or more of total) (less than 5 percent of total)

(feot
Big Sky Mine area

BSUMRI1 68 Siltstone, clayey, coarse-  Clay, dolomitic cement, Muscovite, biotite, coalified
grained. quartz, fine-grained lithics, debris.

feldspar.

BSUMRI 71 Sandstone, clayey, Quartz, dolomitic cement, Muscovite, glauconite, pyrite.
calcareous, very fine fine-grained lithics, clay,
grained. biotite, feldspar.

BSLMSP] 50 Sandstone, clayey, Fine-grained lithics, quartz, Feldspar, carbonates, biotite,
kaolinitic, very fine clay. muscovite, heavy minerals,
grained. glauconite.

BSLMMC2 28-29 Siltstone, clayey, Illite, carbonates, quartz/ -
calcareous, very fine feldspar, sericite, biotite.
grained.

BSLMMC3 21-23 Siltstone, clayey, Clay, carbonate cement, Biotite.
calcareous, medium- quartz/feldspar, muscovite.
grained.

BSLMSM1 13-15 Siltstone, and sandstone, Iron oxides, fine-grained Dolomite, feldspar, muscovite.
containing iron,very fine lithics, quartz, carbonates.
grained.

West Decker Mine area

WDFCLI1 50-52 Siltstone, clayey, Quartz/feldspar, biotite, -
containing iron, fine- illite, carbonates, muscovite,
grained. hematite.

WDESPI 103 Siltstone, and sandstone,  Dolomite, quartz/feldspar, Calcite, muscovite, biotite.
calcareous, fine-grained. chert, schist, fine-grained

lithics.

WDESP! 117-119 Siltstone, clayey, Illite, calcite, quartz/feldspar,  Biotite, muscovite, framboidal
calcareous. organics. pyrite.

WDEDI1 13 Siltstone, clayey, Illite, quartz/feldspar, Manganese and iron oxides.

calcareous, fine-grained.

muscovite, carbonates.
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Table 6. Bulk mineralogy determined by X-ray diffraction analysis of the less than 2-micron size fraction from
samples of mine spoils and unmined consolidated rack from the Big Sky and West Decker Mine areas, Montana

[Depth of sample: in feet below land surface. Type of material: Ms, mine spoils: Um, unmined consolidated rock. Bulk mineralogy content:
MA, most abundant, greater than 50 percent; A, abundant, 20-50 percent; C, common, 10-20 percent; M, minor, 1-10 percent; T, trace, less than 1
percent; ND, not detected. Other minerals: CA, calcite; CL. iron chlorite; DO, dolomite: PL, plagioclase. The detection limit using X-ray
diffraction is about 1-2 weight percent. Symbol: --, no data]

Depth Bulk mineralogy
Observation of Type of Other
welino.  sample  material  smectite MU oolinite  Chiorite  Quartz  minerals
(feet) /illite
Big Sky Mine area
BSUMRI 68 Um A M MA M T DO
BSLMSPI1 32 Ms M A MA A T -
BSLMMC2 28 Um ND A A C M DO
BSLMMC3 21 Um ND A MA C M -
West Decker Mine area
WDESP3 80 Ms C C MA M M --
WDESP1 13 Ms A C MA C M -
75 Ms MA C A C M -
103 Ms MA M A M M CA,DO
117 Ms A C MA M M -
123 Ms A C A C M CL
WDESP2 85 Ms C A MA C T -
WDEDI11 13 Um A A A C M CA, DO, PL
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Table 7. Cation and trace-element concentrations in core samples from mine spoils and unmined consolidated rock
from the Big Sky and West Decker Mine areas, Montana

[Analyses by Montana Bureau of Mines and Geology. Depth of sample: in feet below land surface. Type of material: Cl, clinker; Ms, mine spoils;
Sh, shale; Slt, siltstone; Ss, sandstone]

Concentration, in micrograms recovered per gram of solid

Obser- Depth  Type Phos-
. of of Cal- Magne- So- Potas- Alumi- Cad- Chro- Cop-
vation Silica phor- Boron
sample mate- cjym  sium  dium sium num mium mium  per
well no. (SI0;) ous (B)
(feet) ral  (cay (Mg) (Na) (K) ® (A1 (Cd (Cn (Cu)
Big Sky Mine area
BSUMRI 68 Sit 42,000 26,000 6,200 20,000 22,000 630 56,000 1,100 7.1 68 25
BSUMRI 71 Ss 36,000 22,000 5,700 17,000 14,000 610 48,000 650 4.9 72 13
BSUMSPI 80 Ms 38,000 15,000 5,600 17,000 8,000 510 48,000 280 5.8 54 12
BSLMSP3 45 Ms 37,000 21,000 4,700 21,000 12,000 570 58,000 580 5.8 54 12
BSLMSP1 32-34 Ms 38,000 25,000 6,200 21,000 25,000 650 57,000 1,400 52 89 20
41-42 Ms 42,000 19,000 5,000 20,000 23,000 570 52,000 920 59 100 21
49-50 Ss 4,800 8,500 5600 21.000 6,000 880 65,000 330 3.6 81 28
BSLMMC2 28-29  Slt 32,000 30,000 6,400 29,000 35,000 570 75,000 1,800 6.5 78 32
BSLMMC3 18 Sh 190,000 21,000 4,100 15,000 41,000 450 39,000 2,000 4.9 43 23
21-23  Slt 73,000 33,000 5,400 22,000 40,000 600 59,000 1.800 5.1 57 27
BSLMSM1 13-15 SIt, Ss 24,000 17,000 4,900 14,000 28,000 590 44,000 1,400 17 48 16
Median 38,000 21,000 5,600 20,000 23,000 590 56,000 1,100 5.8 72 13
West Decker Mine area
WDFCL1 50-52 CI, Sit 29,000 14.000 9,900 26,000 37,000 1,000 91,000 1,700 10 93 56
WDEFSP3 72-74 Ms 8,300 11,000 8,500 26,000 17,000 700 90,000 780 10 90 50
80-82 Ms 26,000 15,000 8,300 24,000 15,000 810 80,000 660 6.3 79 46
WDESPI1 103 Ms 130,000 16,000 9,000 12,000 44,000 570 48,000 2,200 8.9 49 50
117-119 Ms 31,000 17,000 8,900 24,000 24,000 830 80,000 1,200 7.9 ) 87 50
123 Ms 30,000 16,000 9,900 23,000 36,000 840 80,000 1,700 8.0 120 48
WDESP2 85 Ms 25,000 16,000 8,300 23,000 26,000 860 82,000 1,200 7.2 85 47
WDEDI11 13-15 St 28,000 20,000 10,000 24,000 56,000 850 80,000 2,800 8.8 82 46
63 St 110,000 21,000 8,600 12,000 41,000 540 49,000 2,200 5.0 81 4]
Median 29,000 16,000 9,000 24,000 36,000 830 80,000 1,700 8.0 85 48
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Tabie 7. Cation and trace-element concentrations in core samples from mine spoils and unmined consolidated rock

from the Big Sky and West Decker Mine areas, Montana (Continued)

Concentrations, in micrograms recovered per gram of solid

Obser-
Manga- Molyb- tron- Vana- Zirco-
vation iron Lead  Lithium Nickel Titanium Zinc
nese denum tium dium nium

well no. (Fe) (Pb) (L) (Ni) (Ti) (2n)

(Mn) (Mo) (sr) v (Zr)
Big Sky Mine area
BSUMRI 20,000 43 25 340 16 23 77 1.700 77 59 66
BSUMRI1 12,000 44 21 210 8.1 27 62 2,200 60 50 87
BSUMSP1 30,000 72 22 580 14 23 110 1.700 61 57 65
BSLMSP3 27,000 100 32 450 16 25 81 1,400 68 61 48
BSLMSP1 22,000 72 30 380 16 24 72 1,500 65 52 59
22,000 62 28 420 14 25 93 1,300 63 53 56
17,000 54 22 130 9 37 86 1,900 83 92 60
BSLMMC2 29,000 72 46 520 17 37 55 2,400 83 95 88
BSLMMC3 25,000 27 23 730 14 19 200 990 51 44 43
27,000 53 33 670 14 27 110 2,100 74 70 89
BSLMSM1 130,000 47 14 1,300 14 45 74 1,700 60 83 68
Median 25,000 54 25 450 14 25 81 1,700 65 59 65
West Decker Mine area

WDFCLI 43,000 123 39 1,100 21 56 290 3.500 140 140 60
WDEFSP3 24,000 50 43 280 24 4?2 170 3,100 140 110 75
27,000 62 39 740 19 50 170 2,200 120 110 51
WDESP1 22,000 4.7 20 500 14 13 370 1,700 51 57 59
39,000 83 38 1,000 13 41 190 2,500 130 97 65
34,000 60 35 830 26 70 210 2,800 120 120 81
WDESP2 38,000 87 39 820 13 46 180 2,600 130 110 68
WDED! 56,000 83 40 1,200 22 47 340 2,100 140 120 71
25,000 77 20 530 13 17 370 1,400 52 48 52
Median 34,000 77 39 820 19 46 200 2,500 130 110 65
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Table 8. Exchangeable cations in core samples from mine spoils and unmined consolidated rock from the Big Sky
and West Decker Mine areas, Montana

[Analyses by Montana Bureau of Mines and Geology. Depth of sample: in feet below land surface. Type of material: Ms, mine spoils; Slt,
siltstone. Symbol: <, less than)

Exchangeable cations, in micrograms per gram of solid

Depth
Obser- Mag- Po-
" of Typeof  cal- So- Phos-  Alumi- Cad-  Chro-
vation . ne- tas-  Siiica Boron
sample material ciym dium phorus num mium  mium
weli no. sium sium  (SiO,) (B)
(feet) (Ca) (Na) ® @ (cd)  (Cn
(Mg) (K)
Big Sky Mine area
BSUMRI 68 St 2,400 380 20 78 250 <2 <0.6 1.6 <004 <0.04
BSLMSPI 3234 Ms 3900 850 10 35 170 < <6 58 <04 <04
BSLMMC2  28-29 St 1,300 930 76 55 61 <2 <6 23 <04 <04
BSLMMC3  21-23 St 4,800 420 38 37 45 <2 <6 83 <04 <04
West Decker Mine area
WDFSP3 80-82 Ms 3400 280 760 120 38 <2 <6 44 <04 <04
WDESPI1 123 Ms 2100 360 1,000 130 49 < <6 <4 <04 <04
WDESP2 85 Ms 2200 330 750 110 33 <2 <6 <4 <04 <04
WDEDI1 13-15 Sit 2,700 830 1,300 100 37 <2 1.7 82 088 048
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Table 8. Exchangeable cations in core samples from mine spoils and unmined consolidated rock from the Big Sky
and West Decker Mine areas, Montana (Continued)

Exchangeable cations, in micrograms per gram of solid

Obser- Man-
. Cop- Lith- Molyb- Stron- Tita- Vana- Zirco-
vation tron Lead ga- Nickel Zinc
per ium denum tium nium  dium nium
well no. (Fe) (Pb) nese (Ni) (Zn)
(Cu) (Li) (Mn) (Mo) (Sn) (T )] (2n

Big Sky Mine area

BSUMRI 0.50 0.12 <0.8 <0.04 12 <04 0.66 8.2 023 0.073 1.2 <0.08
BSLMSP1 15 17 <8 <04 4.6 <4 <2 11 29 <04 24 <.08
BSLMMC2 .12 17 <8 .098 34 <4 <2 4.5 d1 <04 .28 <.08
BSLMMC3 .14 18 <8 <04 14 <4 <.2 15 33 070 1 <.08
West Decker Mine area
WDFSP3 32 096 <.8 22 23 <4 1.0 39 25 <04 94 <.08
WDESPI 21 A5 <.8 12 17 <4 25 47 A7 <04 48 <.08
WDESP2 .23 .18 <.8 12 19 <4 24 37 14 <04 73 <.08
WDEDI1! 077 24 <8 35 4.8 <.4 <.2 81 37 11 <.06 .10
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Tabie 13. Isotopic ratios for oxygen, hydrogen, carbon, and sulfur and activity of tritium in water samples from observation
wells at the Big Sky and West Decker Mine areas, Montana

[Analyses by U.S. Geological Survey. Aquifer: R, Rosebud coal bed; Sr, spoils from mining of the Rosebud coal bed; Sm, spoils from mining of
the McKay coal bed; Mc, McKay coal bed; A-Dz1, combined Anderson-Dietz 1 coal bed; Sp, spoils from mining of the Anderson-Dietz 1 coal

bed. Abbreviations: 5'%0, oxygen-18/oxygen-16 isotopic ratio; 8D, deuterium /hydrogen isotopic ratio; 8'3C, carbon-13/carbon-12 isotopic
ratio; 8345, sulfur-34/sulfur-32 isotopic ratio; TU, tritium units. Symbol: --, no data]

isotopic ratio, in per mil

Sulfur
Observation Aault Date of Oxygen Hydrogen Carbon Sulfate Sulfide Tritium
quifer
well no. sample (81%0)! (sD)! (8%%cy! (SO, (H,S) (TU)?
(5%s)! (¥s)!
BSUMRI1 R 10-20-88 -19.20 -151.5 -36 5.0 - 5.7
BSUMSP2 Sr 10-20-88 -18.85 -148.5 -5.8 4.7 - 64
BSLMSP1 Sm 10-18-88 -17.65 -139.5 -6.2 14 - 36
BSLMMCI1 Mc 10-20-88 -17.65 -140.0 -6.4 1.2 - 38
BSLMMC2 Mc 10-20-88 -17.60 -140.0 -6.7 9 - 40
West Decker Mine area

WDFCL1 A-Dzl 10-26-88 -19.85 -154.0 -34 2.6 - 33
WDFD12 A-Dzl1 10-26-88 -19.25 -151.0 2.7 8.0 - 18
WDESPI Sp 10-25-88 -19.00 -151.5 -8 -2 - 10
WDESP2 A-Dzl 10-25-88 -19.75 -155.5 -8.8 33.2 - 11

A-Dz1 05-11-89 - - - 36.4 4.8 -
WDEDI11 A-Dzl 10-25-88 -20.00 -156.5 94 62.5 - 8.0

1Per mil values of 5'%0 and 8D are reported relative to Vienna-SMOW (Standard mean ocean water). 5'3C and 5**S are in per mil relative to the PDB
(Peedee belemnite) and CDT (Canyon Diablo troilite) standards, respectively.
20ne TU is one atom of tritium in 10’8 atoms of hydrogen.
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Table 15. Simulated mass-transfer results for flow from the Rosebud coal aquifer to the spoils aquifer at the
Big Sky Mine area, Montana

[Transfer is negative for precipitation or degassing, positive for dissolution. Ion exchange: calcium ion exchanged for sodium ion)

Obssrvation well no. Millimoles per kilogram of water
inititai Date Ca/Na Carbon
n Final water Caicite Dolomite Gypsum ion dioxide
water
exchange (gas)
BSUMRI BSUMSP2 10-20-88 -20.1 9.14 15.9 1.36 -6.08
BSUMR1 BSUMSP1 10-20-88 -15.5 6.95 12.7 1.01 4.22
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Table 17. Mass-transfer results for flow from the upgradient coal aquifer to the spoils aquifer in the West Decker Mine area,
Montana

[Transfer is positive for dissolution. Ion exchange: calcium ion exchanged for sodium ion]

Observation well no. Mass transfer, in millimoles per kilogram of water

Ca/Na Carbon

Initital Final Date of Stron-
Calcite Dolomite Gypsum Halite ion dioxide
water water sample tianite
exchange (gas)
WDFCLI WDFSP3 10-26-88 6.74 1.80 229 0.07 0.14 29.2 6.81
WDFCLI WDESPI  10-25,26-88 11.3 1.15 8.93 .03 24 20.5 129
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Table 19. Properties and concentration of chemical constituents in water from coal samples from the West Decker Mine
area, Montana, used in laboratory experiments

[Analyses by Montana Bureau of Mines and Geology. Sample: Unsaturated, coal sample collected from the unsaturated zone; Saturated, coal sample
collected from the saturated zone. Type of treatment: W, washed with deionized water; U, not washed; 0.05M, sample in contact with 0.05 M Na,SO, for

48 hours; 0.1M, sample in contact with 0.1 M Na,S0; for 48 hours. Concentrations in milligrams per liter except as noted. Abbreviations: pS/cm.

microsiemens per centimeter at 25 °C; °C, degrees Celsius; M, molar sodium sulfate (Na,SO,). Symbols: <, less than; --, no data or not applicable]

Specific
Temp- Mag-
Type of conduc- pH Calcium Sodium Potassium
Sample treatment tance (units) er(?’tg;'e (Ca) n:;iu)m (Na) (K)
(nS/cm) 9
Unsaturated w 2,000 7.2 25 1 5.1 463 5.0
Unsaturated W, 0.05M 9,000 6.8 25 153 65 2,200 13
Unsaturated W, 0.1M 16,000 6.8 25 362 135 4,400 15
Unsaturated U, 0.IM 16,000 6.8 25 323 120 4,200 18
Saturated w 1,000 8.1 25 3.0 1.2 246 2.9
Saturated W, 0.05M 9,000 73 25 148 61 2,200 1
Saturated W, 0.1M 16,000 7.1 25 340 130 4,300 15
0.05M - - - - - - 2,300 -
0.1M - - - - - - 4,600 -
Dissolved
Samol i Sultate  Chloride  Fluoride Silica solids,  Nitrate Iron Manga-
mple e (SOy) (ch (FY) (SI0,) calcul- (as N) (Fe)
(HCO,) ted (Mn)
Unsaturated 220 740 0.8 <2 5.8 1,340 0.02 0.12 0.016
Unsaturated 94 5,100 1.1 < 33 7,670 <04 075 12
Unsaturated 95 10,000 4 <4 33 15,100 <.05 072 28
Unsaturated 133 9,600 7 <4 34 14,300 04 037 25
Saturated 450 134 2.1 1.5 7.1 620 48 76 016
Saturated 180 4,900 1.4 <« 19 7,420 04 1 15
Saturated 160 9,900 7 < 20 14,800 02 055 31
0.05M - 4,800 - - - - - - -
0.1M - 9,700 - - - - - - -
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Table 20. Selected reactant or product phases for mass-balance reaction modeling for
the West Decker Mine area, Montana

Phase Composition Operational valence
Organic matter CHO 0.0
Goethite HFeO, 3.0
Iron sulfide FeS 0
Dissolved sulfide H,S .0
Carbon dioxide CO, 40
Calcite CaCOy 4.0
Magnesian siderite Fey7Mg3CO; 54
Cation exchange (Na,-Ca/Mg)X 0

78  Geochemical Processes in Ground Water Resulting from Surface Mining of Coal at the Big Sky and West Decker Mine Areas,
Southeastern Montana
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