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ABSTRACT

The overall goal of this research program is to develop a method for the
environmentally acceptable reclamation of coal slurry impoundments by the co-
disposal of residues from the fluidized bed combustion (FBC) of coal with coal slurry
solids (CSS). An active coal slurry basin was prepared for planting. Three
randomized test blocks, each with 18 equally sized plots, were designed.
Unweathered FBC residue was incorporated at three different dosages into the top
15 cm of the slurry, and was allowed to weather for about five months to allow for
the conversion of calcium oxide and hydroxide to calcium carbonate. Three
agronomic crops were planted in the fall on the test plots; birdsfoot trefoil, Kentucky-
31 tall fescue, and alfalfa. An excelsior blanket was cut and placed as a mulch on
randomly selected plots. During the spring, the mulch was removed, and the plots
were re-seeded, then re-mulched. Sweet clover was substituted for the birdsfoot
trefoil. 

Based on short-term (one growing season) observations, mixtures of FBC residue
and CSS will support plant growth under field conditions. An increase in application
rate of FBC residue, however, resulted in reduced growth. The addition of FBC
residue resulted in a decrease in the total concentrations of Si, Al, and K, while the
total amount of Ca, Mg, S, and Zn in the mixtures increased. The concentrations of
As, B, Cr, Fe, Pb, Na, P, and Se were not significantly changed. The large Ca
concentrations in the mixtures may lead to deficiencies of B, Fe, Mn, P, and Zn for
optimal plant growth. These plant nutrients may need to be added. 

Based on short-term observations, the addition of FBC residue to the coal slurry
basin did not result in groundwater contamination. The concentration of sulfate in
the shallow groundwater beneath the experimental plots cannot be used as an
indicator of pyrite oxidation because the water at the site is supersaturated with
respect to gypsum. Because of the long-term nature of pyrite oxidation, there is a
need to extend this field study into additional growing seasons. The ability to predict
the extent of pyrite oxidation was advanced by revisions in the model PYROXID. 

EXECUTIVE SUMMARY

The overall goal of the research program is to develop a method for the
environmentally acceptable reclamation of coal slurry impoundments by the co-
disposal of residues from the fluidized-bed combustion (FBC) of coal with coal slurry
solids (CCS). At capacity, slurry impoundments presently must be reclaimed to



prevent the oxidation of pyrite contained in the CSS, and the resulting generation
of acidic leachate. In Illinois, the reclamation of slurry impoundments is usually
accomplished by covering the de-watered CSS with a minimum of 1.2 m (4 feet) of
soil. Fresh FBC residues contain strongly alkaline components which could
neutralize the acidity created by the oxidation of pyrite. The objective of the field
project is to test the ability of mixtures of FBC residue and CSS to support the
germination and continued growth of three species of plants. The plants being
tested, sweet clover, tall fescue, and alfalfa, are commonly used in reclamation
activities in Illinois. 

This research project is essentially the second year of a three-year effort. During the
first year, an active coal slurry basin near Farmersville, IL was prepared. Three
randomized test blocks, each with 18 equally sized plots, were designed.
Unweathered FBC residue was incorporated at three different dosages into the top
15 cm of the slurry, and seeds were planted during the first quarter of the project.

During the third quarter of the project, the mulch was removed, and the plots were
re-seeded, then re-mulched. Sweet clover was substituted for birdsfoot trefoil. An
early frost in 1996 killed many of the young plants. The alfalfa and tall fescue
survived the winter, but the extent of germination was not evenly distributed
throughout the plots, and the plants appeared to be weak. 

The addition of FBC residues to coal slurry solids reduced the amount of Si, Al, K,
and coal in the mixtures. Not surprisingly, the addition of FBC increased the amount
of Ca and Mg. The amount of Ca increased by a factor of 2.6 in the 1x plots, and by
4.3 in the 2x plots. The amount of Fe, Na, and P appeared to remain unchanged by
the amendments. Most of the S in the coal slurry occurred as either organic forms
or as pyrite. Sulfur as sulfate-containing phases accounted for about 20% of the
sulfur present. The 2x application of FBC residue increased the total amount of S
by less than about 1%, but the proportion of sulfate-S increased to about 50% of the
S present. The amount of S as pyrite did not appear to change significantly with
application rate.   

The addition of FBC residue to the slurry solids did not significantly increase the
concentrations of As, B, Cr, Hg, Pb, and Se which could potentially leach into the
shallow groundwater. Although there was considerable variation in concentration,
the amount of Zn in the mixtures was about 2.4x greater than that in the untreated
coal slurry, suggesting that FBC residue contributed Zn to the experimental plots.

Standard soil fertility analyses were performed on samples collected 74 days after
FBC residue addition. Aluminum, B, Ca, Mg, Zn, and soluble salts tended to
increase with increasing amounts of added FBC residue, while the amount of Cu,
Fe, K, extractable P, and soluble S remained relatively unchanged. Sodium and Mn
tended to decrease in concentration, possibly because of dilution effects. 

The increased levels of S were the result of the S in the both the CSS and FBC
residue, and it should not limit plant growth. The extractable S content should
decrease as the mixtures age because of the leaching of soluble S, and formation
of gypsum as a product of the neutralization of oxidized pyrite. The extractable P
content of the mixtures may be insufficient for optimal plant growth. Phosphorous
deficiencies are likely to become a problem with direct revegetation unless sufficient
P fertilizer is added.

Decreased solubility and possible deficiencies of B, Fe, Mn, P, and Zn may occur



because the CSS/FBC mixtures have an excess of Ca. These nutrients might need
to be added as fertilizer for optimal plant growth. Sodium should not pose a problem
for plant growth if the Na leaches from the root zone before the seeds are sown. 

Since the spring planting, the plants grew. After about two months of growth, the
greatest yields were associated with the control plots. It should be noted, however,
that as pyrite oxidation and neutralization occurs during longer time intervals, the
distribution of plant yield may change. It was apparent, however, that mulch is
essential for plant growth regardless of plant type and treatment. Of the three plants,
the mean yield of the sweet clover exceeded those of alfalfa and fescue.

The concentrations of various constituents in plant tissues appeared to indicate
stress in the productive plants. An increase in application rate of FBC residue
appeared to be associated with smaller amounts of N, S, P, K, and Fe in the tissues.
When compared with alfalfa and fescue, larger amounts of N, S, and P were
associated with the clover.

Based on pH, electrical conductivity, B, and sulfate, the chemical composition of the
shallow groundwater beneath the plots was not significantly different from that in the
control well. A pond sample, however, suggested that the pond is more alkaline and
dilute when compared with the shallow groundwater. The concentration of sulfate
in the shallow groundwater beneath the plots was not significantly different from that
in the control well. All of the shallow groundwater samples collected were
supersaturated with respect to gypsum (CaSO4

.2H2O). Hence, the concentrations
of sulfate in either the experimental plots or the control well are limited by the
solubility of gypsum. Therefore, the concentration of sulfate cannot be used as an
indicator of pyrite oxidization or neutralization in the experimental plots.      

A new subroutine, SATIND was added to the pyrite oxidation model PYROXID. The
subroutine corrects for mineral precipitation errors that have been a long-term
problem in development of PYROXID. Output data from PYROXID compared
favorably with that from the published code MINTEQA2. 
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OBJECTIVES

The purpose of this field study is to demonstrate that the codisposal of the two
wastes, coal slurry solids and fluidized bed combustion residue, is feasible, and that
plants can be grown on the mixtures without the necessity of a 1.2-m (4-ft) thick soil
cover. Four tasks were proposed for the second year:

Task 1. Plant seeds at the field site. Birdsfoot trefoil, alfalfa, and tall fescue will be
planted in random order in plots of three experimental blocks. The blocks and plots
were laid out during the 1995-96 research project. FBC residue was incorporated
during the spring of 1996 in three different amounts: 0x (control), 1x, and 2x the
amount of FBC residue needed to neutralize the potential acidity in the coal slurry
solid on a calcium-carbonate-equivalent basis. The three blocks were divided into
54 plots. Fertilizer will be added to every plot. Mulch will be applied to half of the
plots, and each FBC-mulch-plant combination will be triplicated.     

Task 2. Install piezometers and temperature monitoring equipment. Twenty-eight
piezometers will be installed to collect samples of groundwater. Two PVC
piezometers each will be placed in each of 15 randomly chosen plots; one
piezometer will be 60 cm deep with the bottom 10 cm screened, and the other one
will be 180 cm deep with the bottom 10 cm screened. The piezometers will be
covered with rubber stoppers to prevent entrance by foreign objects, and to
minimize pyrite oxidation adjacent to the screened interval. The chemical
composition of the groundwater samples will provide information on the extent of
pyrite oxidation/neutralization and/or other chemical reactions that may influence the
plants. The data from the water samples will also be used as input for computer-
assisted thermodynamic modelling to determine solid-phase equilibria. Temperature
monitoring equipment will also be installed in the plots that contain the piezometers.

Task 3. Sample analyses. Solid-phase samples will be collected from each plot
during the spring-summer period of 1997. The chemical composition of the solid-
phase samples will also provide information on the extent of pyrite
oxidation/neutralization and/or other chemical reactions that may influence the
plants. Extractable nutrients will be determined by an outside laboratory. Plant tissue
samples will be collected, and analyzed twice after plant growth begins. The plant
tissue samples will be characterized for nutrient and trace-constituent composition.
 

Task 4. Model pyrite oxidation. This task is a continuation of the development of a
computer code for the pyrite oxidation model, PYROXID. This model is intended to
describe the oxidation of pyrite under neutral (pH 7) conditions, and in the presence
of calcium carbonate. Previously, we wrote a FORTRAN 77 code to calculate the
activities of several aqueous species, the ionic strength of the solution, and
saturation indices and precipitation of several minerals. The U.S. EPA model
MINTEQA2 was used as a standard for comparison with the output from PYROXID.
We need to add to PYROXID pyrite oxidation and calcite dissolution kinetics, the
dissolution of oxygen and carbon dioxide in water, a shrinking core model for pyrite
oxidation, and a shrinking-particle model for calcite dissolution. Because of the
complex structure of this program, we do not expect that all of these parts will be
added to PYROXID by the end of the project year.    
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INTRODUCTION AND BACKGROUND

Fresh FBC residue typically contains a strongly alkaline component, calcium oxide,
which readily reacts with moisture to produce a less alkaline material, calcium
hydroxide. Calcium hydroxide readily reacts with carbon dioxide from the
atmosphere to produce calcium carbonate, another alkaline component. Coal slurry
solid usually contains heavy minerals (including pyrite), clay minerals, and coal
fines, all of which are rejected from the coal during the preparation process. This
rejected material is discharged as an aqueous slurry to an impoundment, where the
solids settle from the slurry water. At capacity, the slurry impoundment must be
reclaimed to prevent the oxidation of the pyrite and the resulting generation of acidic
leachate. In Illinois, the reclamation of slurry impoundments is usually accomplished
by covering the de-watered CSS with a minimum of 1.2 m (4 feet) of soil. The soil,
which must be able to support vegetation, serves to minimize the flow of air and
water into the underlying CSS. The objective of this field project is to test the ability
of mixtures of FBC residue and CSS to support the germination and continued
growth of three species of plants. Three species of plants, alfalfa, tall fescue, and
birdsfoot trefoil, were selected based on the greenhouse experiments of Darmody
et al. (1994). The germination rate, rate of growth, and accumulation of trace
constituents in the plants will be monitored.

EXPERIMENTAL PROCEDURES

Birdsfoot trefoil, alfalfa, and tall fescue were hand planted in random order in plots
of three experimental blocks. The blocks and plots were laid out during the 1995-96
research project (see Dreher et al., 1996a). FBC residue was incorporated during
the spring of 1996 in three different amounts: 0x (control), 1x, and 2x the amount of
FBC needed to neutralize the potential acidity in the coal slurry solids on a calcium-
carbonate-equivalent basis. The three blocks were divided into 54 plots with 18 plots
per block. Fertilizer was added to every plot. Mulch was applied to half of the plots,
and each FBC residue-mulch-plant combination was triplicated. The seeds were
planted in October of 1996.   

Thirty piezometers were installed to collect samples of groundwater. Two PVC
piezometers were placed in each of 15 randomly chosen plots; one piezometer is
60 cm deep with the bottom 10 cm screened, and the other one is 180 cm deep with
the bottom 10 cm screened. The piezometers were covered with rubber stoppers
to prevent entrance by foreign objects, and to minimize pyrite oxidation adjacent to
the screened interval. 

A commercial laboratory (Brookside Farms Laboratories, Inc., New Knoxville, Ohio)
determined extractable elements on the materials sampled 74 days after mixing.
Each of the samples was air-dried and ground to pass a 2-mm sieve. The Mehlich
III (Mehlich, 1984) extractant and a 1:10 solid:extractant ratio with five minutes of
mixing were used for extraction of Al, B, Ca, Cu, Fe, K, Mn, Mg, P, S, and Zn. All
nutrients except B, Ca, and P were determined with Inductively Coupled Plasma
ICP) emission spectrometry analysis of the Mehlich III extractant. The Ca data
derived from the Mehlich III-ICP approach were correlated by the slope/intercept
method to equivalent ammonium acetate levels; P was correlated to Bray II
extractant levels, and B was correlated to hot water extractable levels.
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RESULTS AND DISCUSSION

During the first quarter of this project, the surface crust strength of the plots was
measured with a hand-held penetrometer (Table 1) because of concerns that the
pozzolanic properties of FBC residue may be detrimental to plant growth. Crust
strength values were found to be variable. The 2x plots were characterized by crust
strengths that were in excess of 1 kg/cm2, which may have been a potential
problem, but the surface crust associated with the greater applications of FBC
appeared to dissipate later in the fall, and no additional measurements were
collected. 

The addition of FBC increased the amount of plant-available water (Table 2). The
water holding capacity of the CSS-FBC residue mixtures is important if it is to be
directly revegetated. The available water-holding capacity was comparable to
similarly-textured natural soils. A pump test was also conducted in the field to
estimate the saturated hydraulic conductivity of the coal slurry beneath the plots.
The resulting values (Table 3) indicated that the coal slurry was relatively
permeable; 3.5 to 5.6 x 10-3 cm/sec. Water samples were also collected from each
of the 19 wells (Table 4). Because of the permeable nature of the slurry, water
moving from each plot may readily mix with adjacent plots before reaching the water
table. The pH of the samples, however, was initially most alkaline under the 2x plots
as would be expected, then decreased during the first quarter to background (0x)
levels. 

The decision on when to plant was influenced by pH measurements of the CCS-
FBC mixtures. As shown in Table 5, both the 1x and 2x treatments were very
alkaline initially (greater than pH 11), but the pH of selected plots decreased over
the 5-month period. This observation, coupled with the pH of the shallow soil water
(Table 4), suggested that planting could proceed. On October 16, three agronomic
crops were planted on the test plots; birdsfoot trefoil, Kentucky-31 tall fescue, and
alfalfa (Table 6). All of the plots were fertilized with 20:10:5 (N:P:K) fertilizer.
Furthermore, an excelsior blanket was cut and placed as a mulch on randomly
selected plots. Winter wheat was also planted around the plots for erosion control

Temperature data loggers were installed to monitor the temperature of the coal
slurry at the 2.5-cm depth. The tensiometers were removed during the end of the
first quarter to prevent freezing during winter. On Nov. 12, the piezometers were
sampled again, and specifically analyzed for boron because of the potential toxic
effects of boron on plants (Table 7). It appeared that the addition of FBC residues
to the slurry increased the amount of B in solution 1.8 m below the plots when
compared with the control piezometer, which is located about 15 m from the
research plots. 

During the second quarter of this project, soil temperature data were retrieved for
the October-February interval at 3-cm depth. It appeared that the mulch moderated
temperature fluctuations, and provided a more favorable plant environment than did
the unmulched plots. 

An early frost in 1996 killed many of the young plants. The alfalfa and tall fescue
survived the winter, but the extent of germination was not evenly distributed
throughout the plots, and the plants appeared to be weak. Hence, in April of 1997,
the mulch was removed, and the plots were re-seeded, then re-mulched. Sweet
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clover was substituted for birdsfoot trefoil because we expected a greater
germination rate for sweet clover. 

The chemical composition of the untreated coal slurry (Table 8) appeared to be
typical of that of fine-textured coal slurry solids. Based on 18 samples collected in
the control plots, about 61% of the material was coal. The mineral matter was
dominated as Si > S > Al > Ca > Fe > K > Mg > Na > P. The amount of Ca in the
untreated coal slurry solid ranged from 2.15 to 9.11%. The mean concentration of
CaO (4.97%) in the untreated coal slurry solid was comparable with that (6.04%) in
the previous study (Dreher et al., 1996a). The measurement of calcium is an
indication of the amount of calcium-containing compounds that were available to
neutralize the pyrite acidity before the addition of the FBC residues.  

FBC residues are predominately a mixture of calcium hydroxide, sulfate, and
carbonate phases. Hence, the addition of FBC residues to coal slurry solids reduced
the amount of Si, Al, K, and coal in the mixtures because of dilution. Not surprisingly,
the addition of FBC residue increased the amount of Ca and Mg. The amount of Ca
increased by a factor of 2.6 in the 1x plots, and by 4.3 in the 2x plots. The amount
of Fe, Na, and P appeared to remain unchanged by the amendments.

Most of the S in the coal slurry solids occurred as either organic forms or as pyrite
(Table 9). Sulfur as sulfate-containing phases accounted for about 20% of the sulfur
present. The 2x application of FBC residue increased the total amount of S by less
than about 1%, but the proportion of sulfate-S increased to about 50% of the S
present. The amount of S as pyrite did not appear to change significantly with
application rate.   

The addition of FBC residue to the slurry solid did not significantly increase the
concentrations of constituents of environmental concern. Relatively large
concentrations (greater than typical levels in soil) of As, B, Cr, Se, and Zn have
been associated with FBC residues (see Dreher et al., 1996b). The addition of FBC
residues resulted in an increase in As (Table 10), but the mean concentration was
still comparable to that in uncontaminated soil. The concentrations of B, Cr, Se, and
Pb appeared to be unchanged; the FBC-slurry mixtures contained about the same
levels as those measured in the untreated slurry. The mean concentration of Hg
decreased with an increase in application rate, suggesting that the FBC residue was
deficient in Hg. Although there was considerable variation in concentration, the
amount of Zn in the mixtures was about 2.4x greater than that in the untreated coal
slurry solids, suggesting that FBC residue contributed Zn to the experimental plots.

Standard soil fertility analyses were performed on samples collected 74 days after
FBC residue addition. Extractable Al, B, Ca, Mg, Zn, and soluble salts tended to
increase with increasing amounts of added FBC. With the exception of Al, the
addition of FBC residue resulted in increases in total B, Ca, Mg, and Zn in the
mixtures. The amounts of Cu, Fe, K, extractable P, and soluble S remained
relatively unchanged (Table 11). Sodium and Mn tended to decrease in
concentration, possibly because of dilution effects. 

Soluble S in the mixtures ranged from about 3,700 to 4,100 mg kg-1 (Table 11). The
mean concentration of extractable S in the 1X plots was, for example, about 8% of
the total  amount of S in the mixtures. A typical soil contains between 100 and 500
mg kg-1 total S, and 11 mg kg-1 extractable S is considered sufficient for most crops
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(Troeh and Thompson, 1993; University of Illinois at Urbana-Champaign, 1994). The
increased levels of S should not limit plant growth because, as the mixtures weather,
the soluble S should leach and form gypsum as a product of the neutralization of
oxidized pyrite.

Extractable P content of the mixtures ranged from 11 to 17 mg kg-1, and may be
insufficient for optimal plant growth (Table 11). The addition of the FBC residue did
not increase the concentration of P in the mixtures. Under alkaline soil conditions
such as those in the plots, phosphorous tends to precipitate as sparingly soluble
calcium phosphate phases (Troeh and Thompson, 1993). Because of the increased
Ca content of CSS/FBC residue mixtures, phosphorous deficiencies are likely to
become a problem with direct revegetation unless sufficient P fertilizer is added.

The CSS/FBC residue mixtures contained 8,000 to 20,850 mg kg-1 of extractable
Ca, with increasing amounts corresponding to FBC residue-application rates (Table
11). As a comparison, most agricultural soils contain between 100 and 5,000 mg kg-1

of extractable Ca in the plow layer (Troeh and Thompson, 1993). Decreased
solubility and possible deficiencies of B, Fe, Mn, P, and Zn may occur because the
CSS/FBC residue mixtures have an excess of Ca (Troeh and Thompson, 1993).
These nutrients might need to be added to the system as fertilizer for optimal plant
growth.

The mixtures contained 176 to 812 mg kg-1 Mg, which increased with additions of
FBC (Table 11). This range in Mg is greater than the minimum 25 to 50 mg kg-1

required for plant growth (Tisdale et al., 1985). The large Ca content of the mixtures
may present a problem because the desired Ca:Mg ratio in agricultural soils is about
7:1 (Tisdale et al., 1985), and these mixtures had a Ca:Mg ratio of about 40:1.

Extractable sodium in the mixtures ranged from 186 to 460 mg kg-1 (Table 11). The
addition of FBC residue did not increase the amount of Na in the mixtures. Sodium
may not pose a long-term problem for plant growth if it leaches from the root zone.
The coarse texture of the CSS is conducive to leaching. Under humid conditions, Na
leaches from soil, and the matrix Na content will gradually decrease with time (Troeh
and Thompson, 1993). Sodium toxicities become a problem when there is a lack of
leaching, which should not be a problem at the research site.

Extractable iron concentrations in the mixtures ranged from 193 to 307 mg kg-1

(Table 11). The initially elevated pH values of the mixtures should make Fe less
available to plants (Troeh and Thompson, 1993). However, this may not be a long-
term problem because of leaching and fixation of Ca, coupled with pyrite oxidation.
In addition, Fe can be added as a fertilizer, if necessary. Aluminum concentrations
in the mixtures ranged from 19 to 190 mg kg-1 (Table 11). This range should not be
a problem to plants unless the soil pH is less than 5, which seems unlikely in the
FBC-amended plots.

The "soluble salt" concentration as measured by electrical conductivity, ranged from
0.27 to 0.59 S cm-1. Soluble salt concentrations at these levels could pose a problem
to plant growth until the salts leach. Salt concentrations indicated by conductivities
greater than 0.4 S cm-1 may be a problem for plant growth.

The concentrations of the extractable nutrients B, Cu, K, Mn, and Zn were similar
to typical soil values (Whetstone et al., 1942; Kubota, 1983; Troeh and Thompson,
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1993). Boron concentrations of the mixtures ranged from 4 to 41 mg kg-1 (Table 11).
Agricultural soils typically have from 4 to 88 mg kg-1 B. (Whetstone et al., 1942). The
K concentration in the mixtures ranged from 100 to 115 mg kg-1 (Table 11).
Potassium in soils ranges from 50 to 200 mg kg-1 (Troeh and Thompson, 1993). The
Mn concentrations in the mixtures ranged from 34 to 75 mg kg-1 (Table 11). Average
Mn concentrations are 10 to 100 mg kg-1 in agricultural soils (Troeh and Thompson,
1993). Extractable Cu concentrations averaged 2 mg kg-1 in the CSS/FBC residue
mixtures (Table 11). Typical agricultural soil concentrations of Cu are 1 to 191 mg
kg-1 (Kubota, 1983). Zinc concentrations in the mixtures ranged from 5 to 49 mg kg-1.
Background Zn concentrations in agricultural soils average between 10 and 300 mg
kg-1 (Troeh and Thompson, 1993). Zinc deficiencies at alkaline pH values may be
a problem, but the pH at the site may decrease as the materials weather.

In June, about two months after the second planting, the dry-weight yield of the
plants was measured. The greatest yields were associated with the control plots
(Table 12). Although the addition of FBC residues appeared to reduce plant growth,
the plants still survived. It should be noted, however, that as pyrite oxidation and
neutralization occurs during longer time intervals, the distribution of plant yield may
change. We hypothesis that, once the natural buffering capacity of the control plots
is exhausted by pyrite oxidation, that yield will decline. Moreover the persistent and
highly alkaline pH associated with the 2x plots may have presented a stress factor
when the yield measurements were made. There is a need for long-term monitoring
of the experimental plots. It was apparent, however, that mulch is essential for plant
growth regardless of plant type and treatment. Of the three plants, the mean yield
of the sweet clover exceeded those of alfalfa and fescue.  

The concentrations of various constituents in plant tissues appeared to indicate
stress in the productive plants (Table 13). An increase in application rate of FBC
residue appeared to be associated with smaller amounts of N, S, P, K, and Fe in the
tissues. Larger amounts of B were measured in plants grown in the 1x and 2x plots
when compared with the plants grown in the control plots. When compared with
alfalfa and fescue, larger amounts of N, S, and P were associated with the clover,
which may have accounted in part for its greater growth in these short-term
observations.  

The particle size distribution of the CSS was relatively uniform across the plots, and
the mean USDA textural class was that of a sandy loam (Table 14). There seemed
to be no clear trends in particle size or pyritic sulfur content as suggested by Nawrot
et al. (1984) who indicated a fining upwards sequence in relation to coal slurry
solids. The observed lack of correlation in this work may be the result of the small
size of the research area, and to possible variable locations of the CSS-discharge
points. The relatively rapid infiltration rates associated with these textures will help
alleviate Na toxicity problems. The coarse texture, however, will not contribute to
soil-moisture storage.

Based on pH, electrical conductivity, B, and sulfate, (Table 15) the chemical
composition of the shallow groundwater beneath the plots was not significantly
different from that in the control well. There also appeared to be no relationship
between the amount of FBC residue added to the plots and the chemical
composition of the piezometer samples. The pond sample, however, suggested that
the pond is more alkaline and dilute when compared with the shallow groundwater.
The concentration of sulfate in the shallow groundwater beneath the plots was not
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significantly different from that in the control well. The prevalent chemical character
of the groundwater samples in both areas was calcium sulfate. Moreover, all of the
shallow groundwater samples were supersaturated (Fig. 1) with respect to gypsum
(CaSO4

.2H2O). This solid phase is thermodynamically favored to form. Hence, the
concentrations of sulfate in either the experimental plots and the control well are
limited by the solubility of gypsum. Therefore, the concentration of sulfate cannot be
used as an indicator of pyrite oxidation or the chemical fate of the resulting sulfate
in the experimental plots. 

Much time was devoted to finding and correcting logic errors in the PYROXID code
written two years ago. When the original code allowed minerals to precipitate, the
saturation index did not go to zero to indicate an equilibrium condition. In the code
as it now stands, the saturation index of precipitated minerals does go to zero. A
new subroutine, SATIND, was added to set up the conditions for mineral dissolution.
If a mineral is present in the system and the saturation index for that mineral is less
than zero, the mineral will be completely dissolved, then any excess solutes are
reprecipitated. The mineral dissolution and precipitation routines are repeated until
equilibrium is attained, that is, all minerals that will dissolve are dissolved, and all
minerals that will precipitate are precipitated. Now that this hurdle is passed,
additional programming, such as adding the dissolution of oxygen in water, the
diffusion of oxygen through water, and so forth should go faster.

The output data in Tables 16-20 are comparisons of the results from PYROXID with
those from MINTEQA2. There are some differences, primarily because of the
manner in which the two programs handle sulfate. In MINTEQA2, it is assumed that
the input sulfate concentration is total sulfate. In PYROXID it is assumed that the
input sulfate concentration is free sulfate, as would be determined by ion
chromatography. The result is that total sulfate in PYROXID was larger than in
MINTEQA2 when the same input data are used in both programs. In spite of this
fundamental difference, the calculated data from the two programs were pleasingly
close to each other.

Table 16 shows the calculated solution concentrations before any solids are allowed
to precipitate and when the initial pH is 7.57. Tables 16 and 17 indicate the results
after mineral precipitation is allowed. Both goethite and gypsum precipitated in either
model, and the amounts precipitated in either program were comparable. The
results in Tables 18 and 20 are for 1 L of a starting solution of pH 4.0 and containing
0.1 mole of calcite. In all other respects, the solution was identical to that in the
previous example.
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CONCLUSIONS AND RECOMMENDATIONS

Based on short-term (one growing season) observations, mixtures of FBC residue
and coal slurry solids will support plant growth under field conditions. An increase
in application rate of FBC residue, however, resulted in plant stress and reduced
growth. The addition of FBC residue increased the amount of Ca, Mg, and S in the
mixtures, while the amount of Si, Al, K and coal was decreased. The concentration
of Fe, Na, and P appeared to be unchanged. The addition of FBC residue did not
increase the concentration of As, Cr, Se, Pb, or Hg in the mixtures. The amount of
Zn, however, was greater.

The large Ca concentrations in the mixtures may lead to deficiencies of B, Fe, Mn,
P, and Zn for optimal plant growth. These nutrients may need to be added as a
fertilizer for optimal plant growth. FBC residue additions may also increase the
amount of Fe, Mg, P, S, and soluble salts in the CSS/FBC mixtures. The application
of N-P-K fertilizers may also be needed. Mulch is needed to control surface
temperature and moisture during the critical phase of seed germination and plant
establishment.

Based on short-term observations, the addition of FBC residue to the coal slurry
basin did not result in groundwater contamination. The concentration of sulfate in
the shallow groundwater beneath the experimental plots cannot be used as an
indicator of pyrite oxidation because the water at the site (including the control well)
is supersaturated with respect to gypsum. Hence, the solubility of gypsum may limit
how much sulfate can be in solution. Other indicator parameters are needed to
monitor the extent of pyrite oxidation and neutralization by the FBC residues.

The long-term viability of FBC residue-CSS mixtures to support plant growth cannot
be evaluated in one growing season. Moreover, the long-term impact of adding FBC
residue to a coal slurry basin on groundwater quality remain unclear. The results of
this project are encouraging, but because of the inherently slow and complex nature
of pyrite oxidation, we recommend that this type of study be continued for at least
another year if not longer.  

DISCLAIMER STATEMENT

This report was prepared by William R. Roy and the Illinois State Geological Survey
with support, in part by a grant made possible by the Illinois Department of
Commerce and Community Affairs through the Illinois Coal Development Board and
the Illinois Clean Coal Institute. Neither William R. Roy and the Illinois State
Geological Survey, nor any of its subcontractors nor the Illinois Department of
Commerce and Community Affairs, Illinois Coal Development Board, Illinois Clean
Coal Institute, nor any person acting on behalf of either:

(A) Makes any warranty of representation, expressed or implied, with respect to
the accuracy, completeness, or usefulness of the information contained in

this report, or that the use of any information, apparatus, method, or process
disclosed in this report may not infringe privately-owned rights; or

(B) Assumes any liabilities with respect to the use of, or for damages resulting
from the use of, any information, apparatus, method or process disclosed in
this report.
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Reference to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring; nor do the views and opinions of the
authors expressed herein necessarily state or reflect those of the Illinois Department
of Commerce and Community Affairs, Illinois Coal Development Board, or the Illinois
Clean Coal Institute.

Notice to Journalists and Publishers: If you borrow information from any part of
this report, you must include a statement about the support by the State of Illinois
of the project.
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Table 1. Crust strength at the Crown III research 
         site.

Mean penetrometer resistance kg cm-2

FBC Date

Rate 8-8-96 9-14-96 9-30-96

0x 1.10 0.86 0.38

1x 0.53 0.59 0.61

2x 1.07 1.81 1.40

Table 2. Soil moisture release for CSS-FBC materials at various
tensions.

FBC Depth Moisture content (% dry wt. basis)

Application increment       at given tension (bars) Available

Rate (cm) 0.1 0.33   0.5 1 5 10 15 Water (%)

0x both 29.9 22.8 22.0 22.6 14.9 15.4 15.4 7.4 

1x both 31.0 22.8 22.2 22.4 16.5 15.2 15.1 7.7 

2x both 31.5 24.9 23.1 23.4 17.5 15.2 15.9 9.0 

0x 0-5 34.9 25.4 25.0 24.8 16.0 16.6 16.6 8.8 

0x 10-15 24.8 20.2 19.0 20.4 13.8 14.3 14.2 5.9 

1x 0-5 34.6 24.6 24.2 23.7 18.1 16.6 16.1 8.5 

1x 10-15 27.4 21.0 20.2 21.1 14.9 13.9 14.0 7.0 

2x 0-5 37.5 26.8 24.8 24.4 18.2 15.8 16.6 10.1 

2x 10-15 31.5 23.1 21.4 22.4 16.9 14.6 15.2 7.8 
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Table 3. Hydraulic conductivity at 1.8 m (6 ft) depth at Crown III research site.

Location FBC Time Time Amount Time
(s)

K K

(plot) rate dry measured (L) elapse
d

(cm/s) (cm/day)

B7 1x 12:1
5

15:45 0.95 12,600 3.5 x 10-3  306.7 

B3 2x 12:1
9

15:49 1.50 12,600 5.6 x 10-3 484.3

B1 1x 12:2
1

15:55 1.45 12,840 5.3 x 10-3 459.4

C14 0x 12:3
6

16:14 1.00 13,080 3.6 x 10-3  311.0 

Table 4. Electrical conductivity (EC), pH, and temperature of water samples
collected from the 1.8-m (6-ft) wells at the Crown III research site.

FBC pH EC
(mM/cm) 

Temp. (EC)

Rate 7-11-
96

9-30-
96

11-12-96 7-11-96 11-12-96 7-11-
96

11-12-96

0x 6.9 6.5 6.8 5,883  7,567 26.3 11.0 

1x 7.5 6.8 6.7 5,817 7,400 27.1 11.8 

2x 7.8 6.9 6.8 5,933 6,783 26.1 11.8 

Table 5. Surface pH of CCS-FBC mixtures at the Crown III
research site.

FBC Date

Rate 5-14-
96

8-1-96 9-14-96 9-30-96 10-16-
96

0x 6.7 7.5 6.8 nm1 7.2 

1x nm 11.4 8.4 8.4 8.0 

2x nm 12.3 10.9 nm 10.3 

1Not measured.
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Table 6. Experimental design at the Crown III research plots.

Block A Block B Block C

Plot FBC FBC FBC

No. Rate Plant Mulch Rate Plant Mulch Rate Plant Mulch

1 2x Alfalfa Y* 1x Alfalfa N* 0x BT Y

2 1x Alfalfa Y* 1x BT N 2x Fescue Y

3 2x BT Y 2x Alfalfa Y* 1x Fescue Y

4 1x BT N 2x BT N 2x Alfalfa N*

5 0x Alfalfa N* 1x BT Y 2x Alfalfa Y*

6 2x Fescue N 1x Fescue N 0x Fescue N

7 1x Fescue Y 1x Alfalfa Y* 1x BT N

8 1x BT Y 0x BT N 1x Alfalfa Y*

9 1x Fescue N 2x Fescue N 0x Alfalfa Y*

10 2x Fescue Y 2x Alfalfa N* 2x BT N

11 2x Alfalfa N* 0x Alfalfa Y* 1x Fescue N

12 2x BT N 1x Fescue Y 0x Fescue Y

13 1x Alfalfa N* 0x Fescue Y 1x Alfalfa N*

14 0x BT Y 2x Fescue Y 0x Alfalfa N*

15 0x Fescue Y 0x Fescue N 0x BT N

16 0x Alfalfa Y* 2x BT Y 1x BT Y

17 0x Fescue N 0x BT Y 2x BT Y

18 0x BT N 0x Alfalfa N* 2x Fescue N

Rate refers to the amount of FBC determined to neutralize the potential acidity of the
coal cleaning waste.
*Wells and tensiometers are located in these plots. 

BT-Birdsfoot Trefoil Empire applied at 134 kg ha-1 (120 lbs acre-1)

Alfalfa-WL 323 variety applied at 134 kg ha-1 (120 lbs acre-1)

Fescue-Kentucky 31 applied variety at 123 kg ha-1 (110 lbs acre-1)

All plots were fertilized with 40 kg ha-1 (34.8 lbs acre-1) of 20:15:10 N:P:K
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Table 7. Boron concentrations
in  the 1.8-m (6-ft) water
samples collected at the Crown
III research site.

FBC B

rate Block mg L-1

0x mean 1.47 

1x mean 1.68

2x mean 1.45

0x A 1.35 

1x A 1.55 

2x A 1.00 

0x B 1.30 

1x B 1.60 

2x B 1.30 

0x C 1.75 

1x C 1.90 

2x C 1.65 

mean A 1.43 

mean B 1.40 

mean C 1.77 

Control 0.80 
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Table 8. Chemical composition (major and minor constituents) of the coal
slurry and FBC residue-slurry mixtures as a function of application rate.

Oxide (%) 0x (control) 1x 2x

SiO2 16.9 + 1.84 15.0 + 1.86 14.2 + 1.84 

Al2O3 5.60 + 0.72 5.07 + 0.72 4.90 + 0.79

Fe2O3 4.31 + 1.25 4.21 + 1.03 4.45 + 1.27

CaO 4.97 + 1.94 13.0 + 3.85 21.5 + 6.66

MgO 0.43 + 0.06 0.72 + 0.13 1.01 + 0.28

Na2O 0.23 + 0.05 0.17 + 0.13 0.17 + 0.14

K2O 0.77 + 0.09 0.66 + 0.09 0.61 + 0.10

P2O5 0.17 + 0.04 0.17 + 0.05 0.18 + 0.06

SO3 11.3 + 1.95 12.0 + 1.42 13.4 + 2.25

Table 9. Distribution of the forms of sulfur in coal slurry solid and FBC
residue- slurry-solid mixtures as a function of application rate. 

Sulfur form (%) 0x (control) 1x 2x

Sulfate phases 0.90 + 0.34 1.68 + 0.51 2.69 + 0.96

FeS2 phases 1.67 + 0.52 1.69 + 0.53 1.78 + 0.62

Organic forms 1.95 + 0.43 1.43 + 0.43 0.90 + 0.56
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Table 10. Concentrations of selected trace constituents in the coal slurry solid
and FBC residue-slurry solid mixtures as a function of application rate. 

Constituent
(mg kg-1)

0x (control) 1x 2x

As 4.75 + 1.45 5.51 + 1.49 6.63 + 1.98

B 137 + 32.7 150 + 38.4 152 + 45.5

Cr 45.9 + 9.76 45.2 + 7.43 46.7 + 11.7

Hg(ug kg-1) 111 + 17.8 94.4 + 17.6 85.0 + 18.6

Pb 12.6 + 4.60 17.9 + 14.5 15.1 + 9.81

Se 5.34 + 1.40 5.18 + 1.53 5.41 + 2.28

Zn 230 + 127 401 + 154 547 + 225

Table 11. Soil fertility analysis of CSS-FBC residue samples collected 74 days
after the FBC was added. Concentrations are in mg kg-1. Electrical
conductivity (EC) is in S cm-1. Concentrations represent 18 samples per
depth.

Dep
th

(cm)

FB
C
rat
e

Al B Ca Cu Fe K M
g

M
n

Na P S Zn EC 

all 0X 21 4 9,64
0

2 21
8

99 20
0

75 44
4

1
6

3,8
45

7 0.27

 0-
15

0X 22 4 8,01
0

2 19
3

85 17
6

66 42
9

1
7

3,7
80

5 0.27

15-
30

0X 19 4 11,2
70

2 24
4

11
3

22
4

84 46
0

1
4

3,9
10

8 0.26

all 1X 97 1
7

11,5
80

2 26
7

10
5

57
0

40 27
1

1
2

4,0
30

35 0.26

 0-
15

1X 16
8

2
5

14,3
75

2 25
0

10
5

72
5

34 21
0

1
3

4,0
20

46 0.27

15-
30

1X 27 1
0

8,78
4

2 28
3

10
4

41
5

46 33
3

1
1

4,0
36

25 0.26

all 2X 17
2

3
3

17,8
90

2 27
1

11
3

79
5

41 24
9

1
3

3,9
00

48 0.48

 0-
15

2X 19
0

4
1

20,8
50

2 23
5

11
0

81
2

36 18
6

1
3

3,7
00

49 0.59

15-
30

2X 15
5

2
6

14,9
25

2 30
7

11
5

78
0

45 31
0

1
3

4,1
00

46 0.36
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Table 12. Summary of forage yields: mean
yields.

Yield kg ha-1 Yield lbs ac-
1

0x Treatment 956 a† 851 a
1x Treatment 510 b 454 b
2x Treatment 326 c 290 c
Alfalfa 508 b 453 b
Fescue 429 b 382 b
Sweet Clover 855 a 761 a
Mulch 1115 a 993 a
No Mulch 80 b 71 b
A Block 588 a 523 a
B Block 528 a 470 a
C Block 677 a 603 a
† Means followed by a different letter within a
group are statistically different.
Table 13.  Statistical evaluation of mean elemental composition of plants.

N S P Ca Mg K Na B Fe Mn Cu Zn Al
  ---------------------------- % -----------------------

------
 ------------------- mg kg-1 --------------------

-------

  Treatment
 0  x 3.30 a 0.59 a 0.22 a 2.75 0.31 b 2.76 a 341 99 b 463 122

a
7 51 104

1 x 3.01 b 0.51
ab

0.20 b 2.82 0.43 a 2.41 b 287 215
a

291 116
a

7 52 107

2 x 2.87 c 0.39 b 0.19 b 2.51 0.39
ab

2.33 c 259 213
a

280 97 b 6 45 112

Plant
Alfalfa 3.11 b 0.44 b 0.20 b 3.00 a 0.31 b 2.34 b 462

a
134

b
396 99 b 6 62 a 118

Fescue 2.63 c 0.36 b 0.15 c 0.80 b 0.23 c 3.16 a 265
b

129
b

239 170
a

6 50 b 97

Sweet
Clover

3.39 a 0.65 a 0.25 a 3.96 a 0.53 a 2.14 b 214
c

233
a

394 79 c 7 41 b 109

Mulch
Yes 2.89 b 0.44 b 0.21 a 2.38 b 0.33 b 2.67 a 293 131

b
257

b
112 6 b 45 b 88 b

No 3.4 0
a

0.61 a 0.19 b 3.29 a 0.46 a 2.23 b 312 248
a

538
a

115 8 a 58 a 149
a

Block
A 3.00 0.56 0.20 3.08 0.38 2.34 285 174 328 111 7 49 105
B 3.19 0.49 0.22 2.64 0.38 2.64 282 179 346 121 6 51 100
C 3.02 0.44 0.19 2.39 0.36 2.55 336 165 369 104 6 47 118

Means followed by a different letter within a group are statistically different at the 5% level.
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Table 14. Texture of coal slurry samples (%). Mean values of 32
determinations.

Block Depth 
(cm)

Sand 
(> 63 um)

Silt 
(> 2um-
63 um)

Clay 
(< 2um)

A 0-15 62 28 10

A 15-30 65 25 10

B 0-15 61 28 11

B 15-30 63 27 10

C 0-15 57 31 12

C 15-30 62 27 11
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Table 15. Electrical conductivity (EC), pH, sulfate, and B concentrations in
water samples collected from the piezometers in Feburary, 1997.

Location pH EC SO4 B
mmhos cm-1 mg L-1 mg L-1

A1 7.0 4.8 1,775 1.3
A2 7.0 5.0 1,425 1.3
A5 6.9 6.1 2,200 1.7
A11 7.4 4.4 1,775 1.2
A13 6.8 5.5 1,850 1.4
A16 7.1 5.1 1,625 1.0

Mean A 7.0 5.2 1,775 1.3
B1 6.9 5.7 2,150 1.1
B3 7.4 4.8 1,675 0.6
B7 7.2 5.2 1,800 1.3
B10 7.3 5.5 2,050 1.0
B11 7.0 6.0 2,300 1.2
B18 7.5 4.4 1,100 0.3

Mean B 7.2 5.3 1,846 0.9
C4 7.0 6.0 2,150 1.0
C5 7.0 7.0 3,150 2.1
C8 7.5 5.8 2,000 1.0
C9 7.1 6.2 2,300 0.8

C13 6.9 6.2 2,450 2.0
C14 7.0 6.0 2,150 2.0

Mean C 7.1 6.2 2,367 1.5
Control 7.1 6.5 2,150 1.0
Pond 8.1 1.0 50 0.1

Mean pH EC SO4 B
0 x 7.1 5.6 1,945 1.2
1 x 7.1 5.6 1,945 1.4
2 x 7.2 5.4 2,095 1.2
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Table 16. Concentrations of species before precipitation of minerals as
calculated by PYROXID and MINTEQA2

Species PYROXID MINTEQA2

Input Concentration (mol L-1)

PCO2 3.00x10-4 3.00x10-4

TOTCa 1.61x10-2 1.61x10-2

TOTFe 3.04x10-6 3.04x10-6

SO4 1.61x10-2 1.61x10-2

H+ 2.69x10-8 2.69x10-8

e- 1.38x10-8 1.38x10-8

Calculated Concentration (mg L-1)

H+ 2.69x10-8 3.26x10-8

CO2
3

- 2.93x10-7 6.15x10-7

Ca2+ 3.78x10-3 1.09x10-2

Fe3+ 5.53x10-16 3.13x10-15

SO2
4

- 1.61x10-2 1.09x10-2

e- 1.38x10-8 1.38x10-8

H2CO3 1.03x10-5 9.85x10-6

HCO-
3 2.03x10-4 1.99x10-4

CaOH+ 4.27x10-8 5.75x10-8

CaHCO+
3 7.68x10-6 1.05x10-5

CaCO3(aq) 1.55x10-6 2.04x10-6

CaSO4(aq) 1.23x10-2 5.20x10-3

HSO-
4 5.06x10-8 1.61x10-8

OH- 4.49x10-7 4.52x10-7

Fe2+ 1.75x10-10 1.79x10-10

Fe(OH)-
3 5.15x10-19 5.16x10-19

Fe(OH)2(aq) 3.07x10-16 3.06x10-16
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FeOH+ 1.18x10-12 1.18x10-12

FeSO4(aq) 2.37x10-10 7.44x10-11

Fe(OH)3(aq) 7.17x10-7 7.14x10-7

Fe(OH)-
4 3.24x10-7 3.24x10-7

Fe(OH)+
2 2.00x10-6 2.00x10-6

FeOH2+ 2.83x10-10 2.89x10-10

Fe(SO4)
-
2 4.61x10-14 4.60x10-15

FeSO+
4 9.06x10-14 2.87x10-14

Fe2(OH)4
2

+ 9.51x10-18 1.03x10-17

Fe3(OH)5
4

+ 1.75x10-20 1.99x10-20
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Table 17. Mineral precipitation as calculated by PYROXID AND MINTEQA2
          Initial conditions: pH = 7.57, no solids present.

 
Minerals

PYROXID MINTEQA2

Sat. Index Min. Conc
(mol L-1)

Sat. Index Min. Conc.
(mol L-1)

Anhydrite -0.211 -0.211

Aragonite -1.13 -0.631

Calcite -1.01 -0.492

Ferrihydrite -3.69 -4.39

Fe3(OH)8 -32.1 -21.1

Fe2(SO4)3 -52.2 -55.3

Goethite 0.00 3.04x10-6 0.00 3.04x10-6

Gypsum 0.00 1.18x10-2 0.00 6.06x10-3

Jarosite H -18.4 -21.5

Melanterite -28.8 -17.0

Siderite -25.4 -13.0

Lime -20.6 -20.1

Portlandite -10.5 -9.96

Wustite -24.4 -12.7

Lepidocrocit
e

-0.17 -0.871

Pyrite -168 ----
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Table 18. Concentrations of species after precipitation of minerals as
calculated by PYROXID and MINTEQA2. Initial conditions: pH = 7.57, no
solids present.

Species PYROXID MINTEQA2

Input Concentration (mol L-1)

PCO2 3.00x10-4 3.00x10-4

TOTCa 1.61x10-2 1.61x10-2

TOTFe 3.04x10-6 3.04x10-6

SO4 1.61x10-2 1.61x10-2

H+ 2.69x10-8 2.69x10-8

e- 1.38x10-8 1.38x10-8

Calculated Concentration (mg L-1)

H+ 3.35x10-8 3.16x10-8

CO2
3

- 7.85x10-7 5.44x10-7

Ca2+ 2.67x10-3 7.16x10-3

Fe3+ 2.38x10-21 2.62x10-22

SO2
4

- 3.42x10-2 7.17x10-3

e- 1.38x10-8 1.38x10-8

H2CO3 1.04x10-5 9.89x10-6

HCO-
3 2.66x10-4 1.93x10-4

CaOH+ 1.52x10-8 4.14x10-8

CaHCO+
3 2.81x10-6 7.54x10-6

CaCO3(aq) 4.49x10-7 1.52x10-6

CaSO4(aq) 2.82x10-3 2.88x10-3

HSO-
4 5.26x10-8 1.16x10-8

OH- 5.75x10-7 4.38x10-7

Fe2+ 2.32x10-16 1.74x10-17

Fe(OH)-
3 3.55x10-25 5.51x10-26
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Fe(OH)2(aq) 1.62x10-22 3.38x10-23

FeOH+ 7.89x10-19 1.26x10-19

FeSO4(aq) 1.02x10-16 6.10x10-18

Fe(OH)3(aq) 3.85x10-13 7.89x10-14

Fe(OH)-
4 2.26x10-13 3.46x10-14

Fe(OH)+
2 1.36x10-12 2.14x10-13

FeOH2+ 3.80x10-16 2.81x10-17

Fe(SO4)
-
2 2.12x10-20 2.71x10-22

FeSO+
4 4.99x10-20 2.27x10-21

Fe2(OH)4
2

+ 1.10x10-28 7.70x10-32

Fe3(OH)5
4

+ 8.90x10-37 1.24x10-41
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Table 19. Mineral precipitation as calculated by PYROXID AND MINTEQA2. 
Initial conditions: pH = 4.0, 0.1 M calcite present.

 
Minerals

PYROXID MINTEQA2

Sat. Index Min. Conc
(mol/L)

Sat. Index Min. Conc.
(mol L-1)

Anhydrite -0.211 -0.211

Aragonite -0.43 -0.631

Calcite -0.00 9.97 x 10-2 -0.492 9.98x10-2

Ferrihydrite -2.86 -4.39

Fe3(OH)8 -30.1 -21.1

Fe2(SO4)3 -53.8 -55.3

Goethite 0.00 3.04x10-6 0.00 3.04x10-6

Gypsum 0.00 1.18x10-2 0.00 6.10x10-3

Jarosite H -18.0 -21.5

Melanterite -29.6 -17.0

Siderite -25.4 -13.0

Lime -19.6 -20.1

Portlandite -9.43 -9.96

Wustite -24.0 -12.7

Lepidocrocit -0.00 1.59 x 10-10 -0.871 0.00

Pyrite -172 ----
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Table 20. Concentrations of species after precipitation of minerals as
calculated by PYROXID and MINTEQA2. Initial conditions: pH = 4.0, 0.1 M
calcite present.

Species PYROXID MINTEQA2

Input Concentration (mol L-1)

PCO2 3.00x10-4 3.00x10-4

TOTCa 1.61x10-2 1.61x10-2

TOTFe 3.04x10-6 3.04x10-6

SO4 1.61x10-2 1.61x10-2

H+ 2.69x10-8 2.69x10-8

e- 1.38x10-8 1.38x10-8

Calculated Concentration (mg L-1)

H+ 9.84x10-9 1.81x10-8

CO2
3

- 3.90x10-6 1.68x10-6

Ca2+ 2.69x10-3 7.35x10-3

Fe3+ 4.17x10-22 5.01x10-23

SO2
4

- 3.38x10-2 7.13x10-3

e- 1.38x10-8 1.38x10-8

H2CO3 4.47x10-6 9.88x10-6

HCO-
3 3.90x10-4 3.39x10-4

CaOH+ 5.21x10-8 7.38x10-8

CaHCO+
3 4.14x10-6 1.34x10-5

CaCO3(aq) 2.25x10-6 4.73x10-6

CaSO4(aq) 2.82x10-3 2.88x10-3

HSO-
4 1.54x10-8 6.53x10-9

OH- 1.95x10-6 7.68x10-7

Fe2+ 4.07x10-17 3.29x10-18

Fe(OH)-
3 2.45x10-24 5.52x10-26
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Fe(OH)2(aq) 3.30x10-22 1.93x10-23

FeOH+ 4.71x10-19 4.14x10-20

FeSO4(aq) 1.77x10-17 1.12x10-18

Fe(OH)3(aq) 2.66x10-12 7.89x10-14

Fe(OH)-
4 5.31x10-12 6.07x10-14

Fe(OH)+
2 2.75x10-12 1.22x10-13

FeOH2+ 2.27x10-16 9.30x10-18

Fe(SO4)
-
2 3.68x10-21 4.93x10-23

FeSO+
4 8.71x10-21 4.20x10-22

Fe2(OH)4
2

+ 3.91x10-29 8.58x10-33

Fe3(OH)5
4

+ 6.38x10-37 8.10x10-43

 


