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CONVERSION FACTORS AND ABBREVIATIONS

Multiply By To obtain
gram (g) 0.03527 ounce (0z)
kilogram (kg) 2.205 pound (Ib)
milligram (mg) 35.27 ounce (0z)
milliliter (mL) .03382 ounce, fluid (o0z)
micrometer (micron) (um) .00003937 inch (in.)
millimeter (mm) .03937 inch (in.)
meter (m) 3.281 foot (ft)
microgram (pg) 35270 ounce (0z)
liter (L) 33.82 ounce, fluid (oz)
kilometer (km) 6214 mile

Temperature can be converted to degrees Fahrenheit (°F) or degrees Celsius (°C) by the following equations:

°F =9/5 (°C) + 32.
°C = 5/9 (°F-32).

Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD 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.

Abbreviations used in this report:

AAS-HG atomic absorption spectrophotometry with hydride generation
AES atomic emission spectrophotometry

DOC dissolved organic carbon

dS/m decisiemens per meter

Eh electrode potential

g gram

GAGMO Gillette Area Groundwater Monitoring Organization
IAP ion activity product

IC ion chromatography

ICP-OES inductively coupled plasma-optical emission spectrophotometry
Kd distribution coefficient

kg kilogram

Ksp solubility product

L liter

m meter

mg milligram

174 microgram

um micrometer (micron)

US/cm microsiemens per centimeter

mL milliliter

mm millimeter

mM milliMolar

mV millivolt

RBSP reserve backfill selenium pool

redox oxidation-reduction

pm revolutions per minute

SI saturation index

XRD x-ray diffraction

yr year
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GEOCHEMICAL PROCESSES AND THE EFFECTS OF
NATURAL ORGANIC SOLUTES ON THE SOLUBILITY
OF SELENIUM IN COAL-MINE BACKFILL SAMPLES
FROM THE POWDER RIVER BASIN, WYOMING

By Randolph B. See, Katta J. Reddy, George F. Vance, Amr A. Fadlelmawla,

and Michael J. Blaylock

ABSTRACT

This report describes geochemical pro-
cesses affecting the solubility of selenium and the
effects natural organic solutes have on the solu-
bility of selenium in surface coal-mine backfill
aquifers. Three field sites selected for this study
were located in reclaimed areas at two large
surface coal mines in the Powder River Basin,
Wyoming. These sites were selected on the basis
of the known presence of selenium in ground
water. Two backfill cores were collected from
within an approximately 5-meter radius of each
existing well site. X-ray diffraction analyses
indicated that all samples contained quartz,
kaolinite, potassium feldspar, illite, and musco-
vite. Backfill-core samples differed in elemental
concentration, but were generally dominated by
aluminum (14,400 to 49,000 milligrams per kilo-
gram (mg/kg)), iron (3,330 to 23,200 mg/kg), and
potassium (7,950 to 18,000 mg/kg). Backfill-core
sample saturated-paste extract selenium concen-
trations ranged from 1 to 156 micrograms per
kilogram. Analytical results from the saturated-
paste extracts indicated that the backfill-core
samples were heterogeneous. No correlation was
apparent between measured factors and depth, or
selenium. Sequential partial dissolution tech-
niques were used to partition selenium into six
operationally defined phases. The organic phase
accounted for less than 5 to 58 percent of the total
selenium in backfill-core samples.

Water samples collected from each well
were analyzed for concentrations of cations and
anions. Selenium concentrations ranged from 3 to
125 micrograms per liter. Hydrogeologic moni-

toring is conducted on a regular basis at both
mines. A general decline in selenium concentra-
tions and concurrent increase in water levels has
been observed at all sites. Dissolved organic
carbon in all ground-water samples was dominated
by hydrophobic and hydrophilic acids (38 to

84 percent). Hydrophobic and hydrophilic acids
in the ground-water samples were isolated and
concentrated for use in sorption/desorption studies
to determine the effect of the acids on selenium
sorption.

Three selenite sorption/desorption experi-
ments were conducted using background solutions
of distilled-deionized water, 0.1 molar calcium
chloride, and isolated hydrophobic and hydro-
philic acids. Selenite sorption was larger when
0.1 molar calcium chloride was used as a back-
ground solution as compared to distilled-deionized
water. Selenite sorption generally was smaller in
the presence of hydrophobic and hydrophilic
acids, and smaller in the presence of hydrophilic
acids than in the presence of hydrophobic acids.

Precipitation/dissolution studies were
conducted to predict the solid phases controlling
dissolved selenium concentrations and to evaluate
the effect of dissolved organic carbon on selenium
solubility in backfill-core samples. A geochemical
speciation model was used to calculate ion activi-
ties. Dissolved organic carbon had little effect on
selenium speciation. Chemical speciation results
suggested that backfill-core sample precipitation/
dissolution extracts were dominated by magnesi-
um selenate ion pairs (55 to 90 percent of total
selenium concentration). The presence of ion
pairs may represent a potential for selenium
mobility in backfill aquifers.

ABSTRACT 1



An oxidation-reduction (redox) controlling
apparatus was constructed to control Eh and pH in
water and backfill-core sample suspensions. The
redox controlling apparatus successfully con-
trolled redox of the samples. The response of
selenite and selenate in water samples to the
imposed redox conditions of the redox controlling
apparatus differed from thermodynamic predic-
tions. Selenite reduction in water samples
occurred at a larger redox than thermodynamic
predictions. Reduction of selenate in water
samples did not occur at any of the redox levels
tested.

INTRODUCTION

Although selenium is not known to be an
essential element for plants, it is necessary for animals
(Oldfield, 1987, p. 202) and humans (National
Research Council, 1989). However, excessive sele-
nium can be potentially toxic to plants, animals, and
humans. Because of the potential toxicity of selenium
and extensive seleniferous geologic formations in
Wyoming and other areas in the Western United States,
selenium has become a major environmental concern.
Concentrations of selenium, ranging from 3.4 pug/L
(Martin and others, 1988, p. 41) to 330 pg/L (Naftz and
Rice, 1989, p. 572), have been detected in shallow
post-mining ground water from selected coal mines
(fig. 1) in the southern Powder River structural basin of
northeastern Wyoming.

Concerns about selenium prompted the
Governor of Wyoming to establish a task force to
evaluate selenium conditions in the State. The task
force recommended that research be conducted to
better understand selenium solubility, availability, and
mobility in water, soil, and vegetation in relation to the
health and welfare of humans, livestock, and wildlife
(Governor’s Task Force on Selenium, 1989, p. 18).
Evidence has been published that indicates the chemis-
try of selenium in coal overburden materials can be
affected by mining and reclamation operations (Dreher
and Finkelman, 1992).

During surface coal mining, rock material
overlying the coal is redistributed from the original
stratigraphic position. Exposure of previously buried
material to surface oxidizing conditions decreases the
stability of selenium-containing sulfides and organic
matter. The oxidation of such compounds can trans-
form reduced and less mobile selenium species (Se*

and Seo) into oxidized selenium species (Se6+ and
Se4+), which are more soluble in alkaline and oxidizing
ground water (Naftz and Rice, 1989, p. 574).

Currently the Wyoming Class III ground-water
standard for total selenium (suitable for livestock) is
50 ug/L (Wyoming Department of Environmental
Quality, 1993, p. 9). However, the ground-water
contribution to surface-water flow may provide a
mechanism to transport selenium from ground-water to
surface-water resources. Surface-water selenium
concentrations ranging from 2 to 13 pg/L have been

reported to cause reproductive problems in aquatic
birds (Skorupa and Ohlendorf, 1991, p. 363).

The U.S. Geological Survey in cooperation with
the Wyoming Water Resources Center and the
Department of Plant, Soil, and Insect Sciences at the
University of Wyoming studied geochemical process-£>
and the effects of natural organic solutes on the solubil-
ity of selenium in coal-mine backfill samples from the
Powder River Basin, Wyoming. This study was
conducted to obtain a better understanding of the
geochemical processes that affect the solubility of
selenium in post-mining coal-mine backfill. A better
knowledge of geochemical processes affecting sele-
nium would be useful to the mining industry and State
agencies for developing effective reclamation tech-
niques. The mobility of selenium from coal-mine
backfill to ground water is controlled by a number of
geochemical processes including the formation of
inorganic and organic complexes, sorption/desorption,
and precipitation/dissolution reactions.

Purpose and Scope

This report describes geochemical processes
affecting the solubility of selenium and the effects that
natural organic solutes have on the solubility of sele-
nium in surface coal-mine backfill aquifers. Natural
organic solutes represent all natural organic matter in
solution. Specific objectives of this study, which was
conducted during 1991-94, included:

1. To characterize the chemical and physical proper-
ties of surface coal-mine backfill and asso-
ciated ground water at three sites having large
selenium concentrations in ground water;

2. To determine the role that natural organic solutes
have on selenium sorption/desorption and
precipitation/dissolution processes; and
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