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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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Figure 3. Site-numbering system.

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<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>