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IN ANTHRACITE AND BITUMINOUS COAL-MINE DISCHARGES,
PENNSYLVANIA?!

Charles A. Cravotta 1112

Abstract. Water-quality data for discharges from 140 abandoned mines in the
Bituminous and Anthracite Coalfields of Pennsylvania illustrate relations among
pH, sulfate, and dissolved metal concentrations. The pH for the 140 samples
ranged from 2.7 to 7.3, with two modes at pH 2.5 to 4 (acidic) and 6 to 7 (near
neutral). Generally, flow rates were smaller and solute concentrations were
greater for low-pH samples; flow rates increased with pH. Although the pH
distribution was similar for the bituminous and anthracite subsets, the bituminous
discharges had smaller median flow rates, greater concentrations of sulfate, iron,
and aluminum, and smaller concentrations of barium and lead than anthracite
discharges with the same pH values. The observed relations between the pH and
constituent concentrations can be attributed to (1) dilution of acidic water by
alkaline ground water; (2) solubility control of aluminum, iron, manganese,
barium, and lead by hydroxide, sulfate, and/or carbonate minerals; and (3)
aqueous sulfate-complex formation. The formation of AISO;" and AIHSO,"
complexes adds to the total dissolved aluminum concentration at pH of
equilibrium with aluminum hydroxide or hydroxysulfate minerals and can
account for 10 to 20 times greater concentrations of dissolved aluminum in
bituminous discharges compared to anthracite discharges at similar pH. Sulfate
complexation also can account for 10 to 30 times greater concentrations of
dissolved ferric iron concentrations at equilibrium with ferrihydrite (Fe(OH)3)
and/or schwertmannite (FegOg(OH)45(S04)1.75) at pH of 3 to 5. In contrast, lower
barium and lead concentrations in bituminous than anthracite discharges indicates
elevated sulfate concentration could decrease mobility of these metals by the
formation of insoluble minerals such as barite (BaSO,4) or anglesite (PbSO,).
Most samples were saturated with barite, but none were saturated with anglesite.
Hence, lead concentrations could be controlled by coprecipitation with barite
and/or by adsorption to schwertmannite or another sulfate-bearing oxide.
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Introduction

Abandoned mine drainage (AMD) can be corrosive or encrusting and can foul aquatic
habitat, water-delivery systems, bridges, and associated infrastructure (Barnes and Clarke,
1969; Winland et al., 1991; Bigham and Nordstrom, 2000; Houben, 2003). Although dissolved
SO4? Fe, Al, and Mn are widely recognized as mineral constituents of concern, numerous trace
metals also have been documented in AMD, particularly in strongly acidic, low-pH solutions
(Hyman and Watzlaf, 1997; Rose and Cravotta, 1998; Nordstrom and Alpers, 1999; Nordstrom,
2000; Nordstrom et al., 2000). The dissolved metals and associated constituents in AMD can be
toxic to aquatic and terrestrial organisms (Smith and Huyck, 1999). Generally, the toxicity of a
dissolved element increases with its concentration after nutritional requirements, if any, are met
(Smith and Huyck, 1999).

The pH of a solution is an important measure for evaluating aquatic toxicity and
corrosiveness. The severity of toxicity or corrosion tends to be greater under low-pH or high-pH
conditions than at near-neutral pH, because the solubility of many metals can be described as
amphoteric, with a greater tendency to dissolve and form cations at low pH or anions at high pH
(Langmuir, 1997, p.152). For example, Al(OH); and aluminosilicate minerals have their
minimum solubility at pH 6 to 7 (Nordstrom and Ball, 1986; Bigham and Nordstrom, 2000),
and brief exposure to relatively low concentrations of dissolved Al can be toxic to fish and other
aquatic organisms (Baker and Schofield, 1982; Elder, 1988). Accordingly, the U.S.
Environmental Protection Agency (2000, 2002a, 2002b) recommends pH 6.5 to 9.0 for
protection of freshwater aquatic life and pH 6.5 to 8.5 for public drinking supplies.
Nevertheless, pH is not the sole determinant of metals solubility.

Anions including SO, HCO3’, and, less commonly, CI” can be elevated above background
concentrations in AMD, and polyvalent cations such as Al and Fe tend to associate with such
ions of opposite charge. lon-pair formation or aqueous complexation reactions between
dissolved cations and anions can increase the total concentration of metals in a solution at
equilibrium with a mineral (e.g. Rose et al., 1979; Ball and Nordstrom, 1991; Langmuir, 1997,
Nordstrom, 2004). Hence, aqueous complexation or speciation is likely to affect the
concentration or transport of metals in AMD.

This report examines relations between the pH, SO4, and metals concentrations in a variety
of AMD samples collected from the Bituminous and Anthracite Coalfields in Pennsylvania in
1999. Similarities and differences between the data for flow rate and chemistry as a function of
pH for the anthracite and bituminous AMD samples are explored. The potential formation of
aqueous species and stability of possible solid phases in contact with samples are evaluated with
respect to thermodynamic equilibrium at near-surface temperature and pressure conditions.

Study Area and Methods

Description of Study Area

Bituminous coal deposits underlie western and north-central Pennsylvania, and anthracite
deposits underlie east-central and northeastern Pennsylvania (Fig. 1). The mineable coals are
interbedded with shale, siltstone, sandstone, conglomerate, and occasional limestone (Berg et al.,
1989; Brady et al., 1998). Pennsylvania’s Bituminous Coalfield lies within the Appalachian
Plateaus Physiographic Province and is characterized by gently dipping strata; nearly horizontal
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coalbeds commonly crop out in the incised stream valleys (Berg et al., 1989; Edmunds, 1999).
Pennsylvania’s Anthracite Coalfield lies within the Ridge and Valley Physiographic Province and
is characterized by complexly deformed strata; mineable coalbeds typically extend beneath
valleys in steeply folded and fractured synclinal troughs (Wood et al., 1986; Eggleston et al.,
1999).

During the past 200 years, the coal deposits in Pennsylvania have been extensively mined as
sources of industrial and domestic fuel (Northern and Central Appalachian Basin Coal Regions
Assessment Team, 2000). The historical mining was conducted with little regard for the
environment; upon closure, mine voids were left open and surrounding landscapes were covered
with unrelaimed spoil. Storm runoff from widely distributed, unreclaimed spoil banks and
discharges from abandoned, flooded mines contributed sediment, H,SO,, and metals to streams
in mined areas. Consequently, historical coal mines degrade more than 5,000 kilometers of
streams in Pennsylvania (Pennsylvania Department of Environmental Protection, 2002).

Sample Site Selection

In summer and fall 1999, discharges from 140 abandoned coal mines in the Anthracite and
Bituminous Coalfields of Pennsylvania (Fig.1) were sampled for analysis of chemical
concentrations and loading. The 140 discharges were selected among thousands of AMD
sources statewide based on their geographic distribution, accessibility, and potential for
substantial loadings of dissolved metals. Most of the sampled discharges were from
underground mines. The 41 anthracite discharges previously had been studied by the U.S.
Geological Survey (USGS) (Growitz et al., 1985; Wood, 1996). The 99 bituminous discharges
previously had been studied by the Southern Alleghenies Conservancy (1998).

Water-Quality Sampling and Analysis

Field data for flow rate, temperature, specific conductance (SC), dissolved oxygen (DO), pH,
and redox potential (Eh) were measured at each site when samples were collected in accordance
with standard methods (Rantz et al., 1982a, 1982b; Wood, 1976; U.S. Geological Survey,
variously dated; Ficklin and Mosier, 1999). All meters were calibrated in the field using
electrodes and standards that had been thermally equilibrated to sample temperatures. Field pH
and Eh were determined using a combination Pt and Ag/AgCI electrode with a pH sensor. The
electrode was calibrated in pH 2.0, 4.0, and 7.0 buffer solutions and in ZoBell’s solution (Wood,
1976; U.S. Geological Survey, variously dated). Values for Eh were corrected to 25 °C relative
to the standard hydrogen electrode in accordance with methods of Nordstrom (1977).

To minimize effects from aeration, electrodes were immersed and samples were collected as
close as possible to the point of discharge. Water samples were collected into 3-L Teflon bottles
and then split into sample-rinsed polyethylene bottles. An unfiltered subsample for analysis of
acidity and alkalinity was capped leaving no head space and stored on ice. Two subsamples for
analysis of “dissolved” anions and cations plus silica were filtered through a 0.45-um pore-size
nitrocellulose capsule filter. The subsample for cation analysis was preserved with trace-element
grade nitric acid to pH < 2.

All samples were processed using standard methods for analysis of alkalinity, acidity, anions,
and cations. The fresh, unfiltered subsamples were analyzed for alkalinity in the laboratory
within 48 hours of sampling by titration with H,SO, to the endpoint pH of 4.5 (American Public
Health Association, 1998b). The acidity was determined on aged, oxidized samples by titration
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with NaOH to the endpoint pH of 8.3, after the addition of H,SO4 and H,0,, boiling, and cooling
(American Public Health Association, 1998a; Cravotta and Kirby, 2004). The pH before and
during titrations was measured using a liquid-filled combination Ag/AgCl pH electrode
calibrated in pH 4.0, 7.0, and 10.0 buffer solutions. Sulfate, CI', F, nitrate, nitrite, and phosphate
in the filtered, unpreserved samples were analyzed by ion chromatography (IC) (Fishman and
Friedman, 1989; Crock et al., 1999). Concentrations of major cations, silica, and trace elements
in the filtered, acidified samples were determined using inductively coupled plasma atomic
emission spectroscopy (ICP-AES) and inductively coupled plasma emission mass spectrometry
(ICP-MS) (Fishman and Friedman, 1989; Crock et al., 1999). All samples were analyzed in
replicate by one or more of the methods and at two or more laboratories. Results for replicate
analyses were averaged before evaluation. Charge imbalances routinely were less than 5%
relative to the mean of cation and anion equivalents.

Computation of Acidity

The net acidity was computed considering positive contributions from pH and dissolved Fe,
Mn, and Al concentrations (Cge, Cmn, Cai, respectively), in milligrams per liter, and negative
contributions from alkalinity as:

Aciditycomputed (Mg L™ CaCOs) = 50'(10% P + 2:Cr/55.85 + 2:Cyin/54.94 + 3:CA1/26.98)
- Alkalinity (mg L™ CaCO3). (1)

Cravotta and Kirby (2004) and Kirby and Cravotta (2005a, b) demonstrated with data for
samples evaluated in this paper that acidity computed with Equation (1) is comparable in
value to the standard method “hot peroxide” acidity where the H,SO, added to the sample is
subtracted from the NaOH added (American Public Health Association, 1998a).

Aqueous Speciation Computations

Activities of aqueous species, partial pressure of carbon dioxide (Pco,), and mineral-
saturation index (SI) values were calculated using the WATEQ4F version 2.63 computer program
(Ball and Nordstrom, 1991). The Pco, was computed on the basis of measured pH, alkalinity,
and temperature. The concentrations and activities of Fe*? and Fe** species were computed on
the basis of the measured dissolved Fe, Eh, and temperature of fresh samples. Nordstrom (1977)
and Nordstrom et al. (1979) have shown there is good agreement between the measured Eh and
that predicted by the Fe*?/ Fe*® couple in acidic mine waters.

Spreadsheet models were developed to evaluate the theoretical levels of specific elements
(Al, Fe, Mn, Ca, Ba, Ph, Zn) at equilibrium with OH ", SO,, and CO5 minerals (solubility) and
the associated activities of aqueous species of that element as a function of the pH, Pco,, and
concentration of SO, and Cl . The theoretical solubilities and activities were computed and
plotted as reference lines on “pC-pH diagrams.” Then, the measured concentration of the
element and, in some cases, activities of uncomplexed cations (Al*®, Fe**, Fe*?) computed with
WATEQA4F were plotted relative to the measured pH on the same diagram. Reactions and
associated equilibrium constants for relevant species and solids were obtained mostly from the
WATEQ4F thermodynamic database (Ball and Nordstrom, 1991; Drever, 1997) and
supplemented with data for Fe*® minerals from other sources (Bigham et al., 1996; Yu et al.,
1999). Speciation and solubility reactions and values for equilibrium constants that were used
are summarized in the appendix Tables A1-A3. For example, Pb*? equilibrium reactions and
constants are given in detail in Table A3, because thermodynamic data were available for the
corresponding OH’, SO4?, and CO5 minerals and aqueous species. Only a subset of aqueous
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speciation reactions were considered for the spreadsheet computations, and the measured
concentration of the dissolved element rather than activity was plotted relative to activity
boundaries.

Relations among pH, Sulfate, and Dissolved Metals in Mine Drainage

Characteristics of Anthracite and Bituminous AMD Samples

Data on the flow rates, pH, acidity, alkalinity, and selected solute concentrations for the 140
AMD samples collected in 1999 from abandoned coal mines in the Anthracite and Bituminous
Coalfields of Pennsylvania are summarized in Table 1 and Fig. 2. Sampled flow rates at the 140
AMD sites ranged from 0.028 to 2,210 L sec’’. The anthracite discharges had greater median
flow rates than the bituminous discharges (Table 1). Furthermore, median and maximum flow
rates for the anthracite mine discharges generally exceeded those for the bituminous mines for
the same pH class interval (Fig. 2)

Median flow rates for bituminous and anthracite discharges increased with pH, implying that
neutralization of AMD did not result solely by mineral dissolution but also involved dilution of
initially acidic water by alkaline ground water or surface water, hence increasing both the
volume and pH. Generally, alkalinity increased and concentrations of other major solutes
decreased with increased pH (Fig. 2), consistent with dilution. Larger flow rates for anthracite
discharges than bituminous discharges reflect differences in the physiographic and geologic
settings between the two coalfields (Berg et al., 1989; Edmunds, 1999; Eggleston et al., 1999)
and indicate that, on average, the anthracite mines have larger recharge areas and more extensive
flooded volumes compared to the bituminous mines. Because anthracite mine complexes
historically connected multiple coalbeds and extended beneath valleys to hundreds of meters
below the regional water table, their mined areas and associated discharge volumes tend to be
substantially greater than those from contemporaneous surface mines or bituminous mines that
access one or two coalbeds within isolated hilltops.

The pH of the 140 fresh AMD samples ranged from 2.7 to 7.3, with the majority either acidic
(pH 2.5 to 4) or near neutral (pH 6 to 7) (Table 1, Fig. 2). This bimodal frequency distribution
of pH for the AMD samples was discussed in detail by Cravotta et al. (1999) and Cravotta and
Kirby (2004). Although the minimum and maximum pH values were associated with
bituminous mine discharges, the median pH values of 5.1 and 5.2 were similar for the 41
anthracite and 99 bituminous discharges, respectively (Table 1). Dissolved aluminum, zinc, and
lead concentrations and, to a lesser extent, SO, and Mn concentrations, were inversely
correlated with pH; iron concentrations were not correlated with pH; and barium and alkalinity
concentrations were positively correlated with pH (Fig. 2).

Alkalinity concentrations ranged from 0 (pH < 4.4; 50 samples) to 510 mg L™ as CaCO;
(Table 1). For the 90 sam;s)les that had alkalinity > 0, the computed Pco, values by WATEQ4F
ranged from 102 to 10°>* atm, which are 10 to 1,000 times greater than atmospheric Pco, of
10°° atm. The median Pco, was 10™? atm (—log(Pco,, atm) = pCO, = -1.0). Computed acidity
concentrations, which exclude contributions from dissolved CO,, ranged from -326 to
1,587 mg L™ as CaCOj; (Table 1). Concentrations of dissolved SO,?, Fe, Al, and Mn ranged
from 34 to 2,000 mg L™, 0.046 to 512 mg L™, 0.007 to 108 mg L™, and 0.019 to 74 mg L™,
respectively (Table 1). Generally, the highest concentrations of acidity, SO, Fe, Al, Mn, and
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Table 1. Hydrochemical characteristics of discharges from 140 abandoned coal mines in Pennsylvania, 1999%

[median (minimum; maximum); L, sec™, liters per second; mg L, milligrams per liter; ug L, micrograms per liter]

Coalficld & .. Net Acidity, . ) ) Manganese: Aluminum;
number of Flow Rate pH, field Alkalinity — 4P Oxygen; O, Sulfate; SO,  Iron; I'e Mn Al
samples L sec™! mg L' as CaCOs mg L! mg L! mg Lt mg Lt mg Lt
Anthracite 64.0 5.1 3 43 1.9 260 15 2.9 0.280
N=41 (0.028; 2,210) (3.0;6.3) (0; 120) (-79; 588) (0.3;11.1) (34, 1,300) (0.046;312) (0.019;19) (0.007; 26)
Bituminous 12.5 52 14 76 0.6 580 43 2.3 1.5
N=99 (0.227,278) (2.7, 7.3) (0; 510)  (-326; 1,587) (0.2;11.5) (120;2,000) (0.16; 512)  (0.12;74) (0.008; 108)
Coalfli)eld ‘? Arsenic; As  Barium; Ba  Boron; B Cobalt; Co Lead; Pb Nickel; Ni  Selenium; Se  Yttrium; Y Zinc; Zn
number o
samples peL! pe L pegl! pgl! pgl! pgL! pgL! peL! peL!
Anthracite 0.62 18 16 59 0.68 83 0.4 2.9 130
N=41 (<0.03; 15) (13; 31) (<1; 69) (0.43; 770)  (<0.1; 11) (19; 620) (<0.2;3.9)  (0.18; 44)  (3.0; 1,000)
Bituminous 2.0 13 62 52 0.10 20 0.6 15 140
N=99 (0.1; 64) (2.0; 39) (19; 260) (0.27; 3,100) (<0.1;4.6) (2.6;3,200) (<0.2;7.6) (0.11;530) (0.6; 10,000)

a. Sample site locations shown in Figure 1. Data are available from the U.S. Geological Survey by contacting the author.
b. Net acidity computed on the basis of the pH and dissolved aluminum, iron, and manganese concentrations (Ca, Cpe, and Cyyy,. respectively), in milligrams per
liter, as: Net acidity o pyteq (Mg L7 CaCO3) = 50(10GPH 4 3:C,1/26.98 + 2:Cp,/55.85 + 2Cyy,/54.94) - Alkalinity.
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Figure 2. Boxplots showing solute concentrations and flow rate as a function of pH of 140 abandoned mine discharges in Pennsylvania,
1999: A4, iron; B, manganese; C, aluminum; D, zinc; £, lead; F, barium; G, sulfate; H, flow rate. Bituminous, red; anthracite, black.
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most other metals were associated with low-pH samples. Median concentrations of dissolved O,
generally were low (<2 mg L™) throughout the range of pH, consistent with the predominance of
dissolved Fe*? and Mn*? species in most samples.

The bituminous discharges generally contained greater concentrations of dissolved mineral
constituents than the anthracite discharges as a whole (Table 1) or with the same pH values
(Fig. 2) as indicated by greater median and maximum values for specific conductance and
concentrations of alkalinity, acidity, SO, Fe, Al, Mn, and other solutes, including As, B, Co,
Ni, Se, Y, and Zn. In contrast, the median concentrations of dissolved Ba and Pb in bituminous
discharges were less than those for the anthracite discharges (Table 1, Fig. 2). As noted above,
relatively low concentrations of dissolved mineral constituents in the anthracite discharges could
result from dilution of initially acidic AMD with a fresh-water source containing few dissolved
solids. Such dilution could affect aqueous speciation and mineral solubilities.

Aqueous Speciation and Mineral Solubility Controls of Constituents in AMD Samples

Dissolved Al and SO, concentrations typically were elevated for the low-pH (< 5), acidic
AMD samples, mainly from bituminous mines (Fig. 2). Computed Sl values indicated samples
with pH < 4 were undersaturated with respect to most Al minerals (Figs. 3D-3F), including
amorphous  Al(OH);, gibbsite  (AI(OH)3), basaluminite  (Al4(OH)10(SO4)), alunite
(KAI3(SO,)2(OH)g), allophane ([AlI(OH)3]1-x[SiO2]x where x = 1.24-0.135 pH), kaolinite
(A|28|205(OH)4), illite (Ko,eMg0,25A|2,3Si3_5010(OH)z), chlorite (Mg5AI28i3010(OH)8), and other
aluminosilicates. Hence, kaolinite, illite, and chlorite in shale associated with anthracite and
bituminous coal deposits (e.g. Cravotta, 1994; Cravotta et al.,, 1994) could be sources of
dissolved Al in the low-pH samples.

Equilibrium computations indicated concentrations of Al and activities of Al*® for the AMD
samples could be limited at pH > 5.5 by the precipitation of amorphous to poorly crystalline
Al(OH);, kaolinite, and/or allophane and at pH < 55 by a jurbanite-like phase
(AI(SO4)(OH)5H,0) (Figs. 3F and 4B). The solubility of jurbanite at low pH coincides with
observed concentrations of total dissolved Al in the AMD samples (Fig. 4B) and its apparent
supersaturation is consistent with computed SI values ranging to 1.2. Amorphous Al
hydroxysulfate precipitates have been reported for a variety of AMD sites (e.g. Nordstrom and
Ball, 1986; Robbins et al., 1996, 1999; Thomas and Romanek, 2002). However, according to
Bigham and Nordstrom (2000), the mineral jurbanite is crystalline and its apparent saturation for
acid SO, waters is fortuitous and not indicative of solubility equilibrium. Bigham and
Nordstrom (2000) argued that if jurbanite or another phase with similar stoichiometry limited the
concentration of dissolved Al in AMD, an inverse correlation between Al and SO, would be
expected for low-pH samples instead of the observed positive correlation.
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Figure 3. Partial pressure of CO, and saturation indices for various solids as a function of pH of 140 abandoned mine discharges in
Pennsylvania, 1999, by WATEQ4F (Ball and Nordstrom, 1991). A, partial pressure of CO,; B, calcite and dolomite; C, gypsum and
epsomite; D, amorphous Al(OH); and gibbsite; £, kaolinite and allophane; /7, basaluminite and jurbanite; G, ferrihydrite and jarosite; /,
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Solids, as identified in WATEQA4F, have parenthetical letters indicating: a, amorphous; ¢, crystalline; d, disordered.
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Greater concentrations of dissolved Al in bituminous discharges and the general decline in
dissolved Al concentration with increased pH are consistent with aluminum-sulfate complexing
and solubility control by aluminum-hydroxide and hydroxysulfate minerals (Figs. 4A and 4B).
The concentration of dissolved Al at equilibrium with solid AI(OH)3 will increase with increased
concentration of sulfate due to formation of aluminum-sulfate complexes, particularly at pH < 5.
Speciation computations demonstrated that the formation of AISO," and AIHSO,™ could
increase the solubility, or total concentration, of Al. For example, adding 2,000 mg L™ of SO,?
resulted in a 20-fold increase in the total Al concentration at equilibrium with AI(OH); at pH 5
(Fig. 4A), consistent with greater concentrations of Al and SO, in bituminous than anthracite
discharges (Fig. 2). In contrast, neutralization and/or dilution could result in the precipitation of
Al minerals.

The pC-pH diagrams for Fe and Mn (Figs.5 and 6) provide a basis for evaluating the
stabilities of various Fe**, Fe*?) and Mn*? minerals over the observed ranges of pH and solute
concentrations, and considering various solubilities for the minerals (e.g. Whittemore and
Langmuir, 1975; Alpers et al., 1989; Bigham et al., 1996; Yu et al., 1999). As with Al, speciation
computations indicated that the formation of FeSO4" and FeHSO,4*2 could increase the solubility,
or total concentration, of Fe*® (Fig. 5A), consistent with greater concentrations of Fe and SO, in
bituminous than anthracite discharges (Fig. 2). Nevertheless, the poor correlation between pH
and concentrations of total dissolved Fe and Mn (Fig. 2) implies a large fraction of these metals
was present as Fe*? and Mn*? (Figs. 6A and 6B), which are not controlled by hydroxide-mineral
solubility nor affected by SO,% complexation under the sampled conditions
(SO42<2,000mg L™ *and pH < 7.3).

Although the majority of dissolved iron over the range of pH (2.6 - 7.3) for the AMD
samples was present as Fe*? species, Fe™ species also were present, but at low concentrations.
The computed activities of Fe™ for the AMD samples were inversely correlated with pH and
closely aligned with theoretical Fe** activity boundaries for hydrous Fe(111) oxides and sulfates
(Fig. 5B). Generally, the corresponding pFe** and pH values for the AMD samples were at or
near equilibrium with ferrihydrite (Fe(OH)s) or schwertmannite (FegOg(OH)45(SO4)175) but
exceeded equilibrium values for goethite (FeOOH) and jarosite (KFe3(SO4)2(OH)e) (Figs. 3G
and 5B).

Although variations in crystallinities and compositions of precipitated Fe(lll) phases
(Whittemore and Langmuir, 1975; Yu et al., 1999) can account for some discordance between the
computed Fe* activity for AMD samples and the theoretical stability limits for solid phases
controlling the Fe*® activities at a given pH, kinetic factors also must be considered. For
example, the apparent supersaturation of AMD samples with respect to goethite and jarosite
(Fig. 5B) results because of kinetic barriers to the formation of these minerals and indicates the
precipitation of jarosite or goethite probably could not control the Fe** activities or total Fe'
concentrations for the AMD samples. Goethite commonly observed at AMD sites (e.g. Winland
et al., 1991; Williams et al., 2002) could form by gradual transformation from metastable
schwertmannite or ferrihydrite precipitates (Miller, 1980; Bigham et al., 1996).
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Total concentrations of Fe and activities of Fe*? were undersaturated with respect to Fe(ll)
hydroxide, carbonate, and sulfate minerals at low to moderate pH (pH < 6) (Fig. 6A). However,
the concentrations of Fe and activities of Fe*? for near-neutral pH samples approached
equilibrium with siderite (FeCOgs) (Fig. 6A). Most AMD samples with pH > 6 had positive Sl
values for siderite, ranging as high as 0.9. In contrast, all the AMD samples were undersaturated
with Fe(OH), (Fig. 6A) and melanterite (FeSO,7H,0); SI for melanterite was -7.4 to -2.4
(Fig. 3H), indicating the Fe(ll) hydroxide and sulfate phases can not precipitate from the AMD
without increasing the pH or sulfate concentrations.

Dissolved manganese predominates as Mn'" species in AMD samples. As with Fe'", the total
concentration of Mn and activity of Mn*? were undersaturated with respect to Mn(OH),, SO4?,
and CO3” minerals at low to moderate pH (pH < 6) (Fig. 6B). At near-neutral pH, however, the
concentration of Mn could be limited by equilibrium with a COs? phase such as rhodochrosite
(MnCOs3) or impure siderite (Fe,Mn)CO3 (Mozley, 1989). Sl values for rhodochrosite and
MnSO, ranged from -4.7 to -0.1 and -13.0 to -8.8, respectively (Fig.3l). As previously
indicated, many of these samples were saturated with siderite (Fig. 3H). Large increases in pH
and decreases in Pco, would be necessary to precipitate Mn(OH), instead of Mn(Il)-bearing
carbonates.

Calcite and aragonite (CaCO3) commonly contain impurities that substitute for Ca, such as
Mg, Mn*?, Fe, Sr, Zn, Pb, and Ba (Hanshaw and Back, 1979). Siderite also commonly contains
impurities such as Mg, Mn, and Zn (Mozley, 1989). Hence, dissolution of impure calcite,
aragonite, and siderite can be a source of trace metals in AMD. Under oxidizing, acidic
conditions, the carbonate minerals tend to dissolve, releasing the constituent Ba, Pb, and Zn as
divalent cations. In contrast, at high pH, the cations can precipitate as SO42, CO5? and/or OH
minerals (Stumm and Morgan, 1996; Drever, 1997, p. 189-196). The cations also can be
controlled by adsorption on iron oxides or aluminum oxides at near-neutral pH conditions (e.g.
Winland et al., 1991; Kooner, 1993; Webster et al., 1998). Nevertheless, the relations between
the concentrations of trace elements, pH, and/or SO42 in CMD samples varied among the
elements (Fig. 2), implying different origins or mechanisms could control their concentrations.

Figure 7A shows corresponding values of measured pH and Ca for the AMD samples relative
to the theoretical solubility of calcite (CaCO3) for Pco, of 10°° atm (0.0316%) and 10°° atm
(31.6%) and the solubility of gypsum (CaSO42H,0) for total dissolved SO,? of 2,000 mg L™
Generally, the total concentrations of Ca in the AMD samples are less than or equal to
equilibrium concentrations with gypsum or calcite (Fig. 7A). Corresponding Sl values for
calcite and gypsum ranged from -6.3 to 0.1 and -3.1 to -0.1, respectively (Fig. 3B and 3C), and
were consistent with equilibrium boundaries based on the maximum Pco, and SO,?
concentrations of the AMD samples. These results indicate that the majority of AMD samples
are undersaturated with calcite and gypsum. If the AMD encounters these minerals, the
constituent elements and any impurities could be dissolved.

Concentrations of Ba generally were larger for anthracite discharges than bituminous
discharges, and the concentrations increased with pH (Fig. 2), presumably because elevated
S04 concentrations in the bituminous discharges or at low pH promoted the formation of
insoluble barite (BaSO,) (Fig. 7B). Computed Sl values for barite ranged from -0.5 to 0.6, while
those for witherite (BaCOs3) ranged from -9.6 to -3.7 (Fig. 3L). Hence, barite could be an
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important control on dissolved Ba concentrations. The barite solubility boundary in Fig. 7B will
shift downward with increased SO,2 concentrations, whereas that for witherite will shift
downward with increased Pco,. Nevertheless, even for a 100 percent CO, atmosphere (pCO, =
10° atm) the witherite boundary will not overlap the AMD data. Although the median and
maximum concentrations of Zn in bituminuous discharges exceeded those for anthracite
discharges, the concentrations of Zn were comparable between anthracite and bituminous
discharges at a particular pH; Zn concentrations decreased with increased pH (Figs. 2 and 8A).
Generally, concentrations of zinc were undersaturated with all the zinc oxide, OH’, S0,2, CO3”,
or silicate minerals included in WATEQ4F (Ball and Nordstrom, 1991). Hence, the
concentrations of dissolved Zn in AMD samples must be limited by other minerals or
mechanisms.

Concentrations of lead, like Ba, were larger in anthracite discharges than bituminous
discharges over the range of pH; however, in contrast with Ba, Pb concentrations decreased with
increased pH (Figs. 2 and 8B). Lead concentrations in the AMD samples were substantially
undersaturated with respect to likely secondary mineral phases, such as anglesite (PbSO,) or
cerrusite (PbCO3). Sl values for anglesite and cerrusite (Fig. 3K), and Pb(OH), ranged from -5.3
to -2.5, -6.7 to -3.0, and -12.5 to -5.4, respectively. Hence, formation of these phases would not
be feasible without increasing 504'2 or COg'2 concentrations or pH. The concentrations of
dissolved lead in the AMD samples must be limited by other mechanisms. Coal and associated
black shales are enriched sources of zinc and lead (Mason, 1966; Bragg et al., 1997); hence, it is
unlikely that these metal concentrations are limited by the lack of supply. Zinc and Pb
concentrations could be controlled by coprecipitation with barite and/or by adsorption on Fe
oxides, schwertmannite, or another sulfate-bearing phase (e.g. Winland et al., 1991; Kooner,
1993; Coston et al., 1995; Webster et al., 1998). Although beyond the scope for this report, the
geochemical model PHREEQC (Parkhurst and Appelo, 1999) may be useful to evaluate
adsorption controls on the concentrations of trace metals in the AMD samples.

Summary and Conclusions

Water-quality data were collected in 1999 for 140 abandoned underground mines in
bituminous and anthracite coal regions of Pennsylvania. The pH of ranged from 2.7 to 7.3, with
the majority of samples having pH 2.5 to 4 (acidic) or pH 6 to 7.0 (near neutral). Generally
bituminous discharges had smaller flow rates and were less mineralized than anthracite
discharges with similar pH; flow rate increased with pH of the discharges. Increased pH with
increased flow rate is consistent with dilution of initially acidic AMD with alkaline water.
Dilution is more pronounced for anthracite discharges than bituminous discharges.

Bituminous discharges had higher median and maximum concentrations of alkalinity, acidity,
SO, Fe, Al, Mn, As, B, Co, Ni, Se, Y, and Zn than anthracite discharges, but lower median
concentrations of dissolved Ba and Pb than anthracite discharges. Positive correlations between
SO, and other constituents indicate similar origin, similar solubility-control mechanisms, and/or
potential for ion-pairing.
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Formation of AISO," and AIHSO," complexes adds to the total dissolved Al concentration at
equilibrium with Al(OH); or hydroxysulfate minerals and can account for 10 to 20 times greater
concentrations of dissolved Al in bituminous discharges compared to anthracite discharges at
similar pH. Similarly, the formation of FeSO," and FeHSO4" increases the solubility of Fe** in
equilibrium with iron hydroxide or hydroxysulfate minerals.

Dissolved Al, Zn, and Pb concentrations and, to a lesser extent, SO, and Mn concentrations,
were inversely correlated with pH; Fe concentrations were not correlated with pH; and Ba and
alkalinity concentrations were positively correlated with pH. Inverse correlations between the
pH and concentrations of Al and other metals could result from solubility control by OH’,
hydroxysulfate, and/or CO5? minerals. Concentrations of Al and activities of Al*> at pH > 5.5
for the AMD samples were limited by equilibrium with amorphous to poorly crystalline AI(OH)3,
(AlSi205(0H)a), allophane ([AI(OH)3]1-[SiO2]x Where x = 1.24-0.135 pH), and/or kaolinite.
Similarly, the activities of Fe** at pH > 5.5 were controlled by equilibrium with Fe(OH); or
schwertmannite. Nevertheless, dissolved Fe and Mn in most samples were dominated by
relatively soluble Fe** and Mn*? species. At pH > 6, the precipitation of siderite (FeCO3),
rhodochrosite  (MnCOgz), or impure siderite ((Fe,Mn)CO3) could limit the maximum
concentration of dissolved Fe and Mn.

Higher SO4'2 concentrations but lower Pb and Ba concentrations in bituminous than
anthracite discharges indicates increased SO, concentration limits the mobility of these metals.
Most samples were saturated with barite (BaSO,), but none were saturated with anglesite
(PbSO,). Lead potentially could be precipitated as an impurity with barite and/or controlled by
adsorption to schwertmannite or another sulfate-bearing oxide.

High solubilities for various CO3? minerals compared to dissolved Ca, Fe, Mn, Ba, Pb, and
Zn, particularly at pH < 6, indicates the CO5? minerals could be important sources of dissolved
constituents in the mine drainage samples. However, additional qualitative and quantitative
information on the composition and solubilities of impure CO3? minerals would be needed to
determine the actual sources and sinks of these elements.

Elevated concentrations of Ba and Pb in “dilute,” greater volume anthracite discharges
compared to “mineralized” bituminous discharges are noteworthy considering growing interest
for developing water resources and extracting metals at abandoned mine sites. Although the
anthracite water resource may contain acceptable concentrations of SO42 for industrial and
domestic uses, the concentrations and mass loadings of Ba and Pb warrant consideration relative
to the end use. Increasing concentrations of sulfate in solution may be beneficial for decreasing
concentrations of Ba, Pb, and other potentially toxic constituents and could facilitate the
recovery of elements such as Ba and Pb as SO, compounds at relatively low pH, while major
ions such as Ca, Mg, Mn*?, and Fe*? ions remain in solution.

In conclusion, general relations among the pH, SO, and dissolved metals described for
underground mine discharges and the associated geochemical processes that control the water
quality are applicable to the understanding of drainage from surface coal mines and metal mines.
The same geochemical principles and tools also apply to chemical reactions associated with pH
and pCO, changes and mineral precipitation during acidity titrations and treatment of mine
drainage.
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