ACIDITY AND ALKALINITY IN MINE DRAINAGE: PRACTICAL
CONSIDERATIONS!

Charles A. Cravotta III* and Carl S. Kirby®

Abstract. In this paper, we emphasize that the Standard Method hot peroxide
treatment procedure for acidity determination (hot acidity) directly measures net
acidity or net alkalinity, but that more than one water-quality measure can be
useful as a measure of the severity of acid mine drainage. We demonstrate that
the hot acidity is related to the pH, alkalinity, and dissolved concentrations of Fe,
Mn, and Al in fresh mine drainage. We show that the hot acidity accurately
indicates the potential for pH to decrease to acidic values after complete
oxidation of Fe and Mn, and it indicates the excess alkalinity or that required for
neutralization of the sample. We show that the hot acidity method gives
consistent, interpretable results on fresh or aged samples.

Regional data for mine-drainage quality in Pennsylvania indicated the pH of fresh
samples was predominantly acidic (pH 2.5 to 4) or near neutral (pH 6 to 7);
approximately 25 percent of the samples had intermediate pH values. This
bimodal frequency distribution of pH was distinctive for fully oxidized samples;
oxidized samples had acidic or near-neutral pH, only. Samples that had near-
neutral pH after oxidation had negative hot acidity; samples that had acidic pH
after oxidation had positive hot acidity. Samples with comparable pH values had
variable hot acidities owing to variations in their alkalinities and dissolved Fe,
Mn, and Al concentrations. The hot acidity was comparable to net acidity
computed on the basis of initial pH and concentrations of Fe, Mn, and Al minus
the initial alkalinity. Acidity computed from the pH and dissolved metals
concentrations, assuming equivalents of 2 per mole of Fe and Mn and 3 per mole
of Al, was comparable to that computed on the basis of aqueous species and
Fe'/Fe'!. Despite changes in the pH, alkalinity, and metals concentrations, the
hot acidities were comparable for fresh and aged samples. Thus, meaningful
“net” acidity can be determined from a measured hot acidity or by calculation
from the pH, alkalinity, and dissolved metals concentrations. Together, these
water-quality data can be useful for evaluating the potential for toxicity,
corrosion, or encrustation and can be helpful for determining the appropriate
remediation. By demonstrating the measurements on fresh and aged samples, we
hope to encourage (1) consistent use of the hot peroxide treatment procedure for
acidity determination and (2) consistent reporting of negative acidity values.
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Introduction

Acidic, abandoned mine drainage (AMD) affects the quality and potential uses of water
supplies in coal and metal mining regions worldwide (Herlihy et al., 1990; Nordstrom, 2000).
AMD ranges widely in quality from mildly alkaline to strongly acidic and corrosive, with
dissolved solids ranging from about 200 to 10,000 mg/L (Hyman and Watzlaf, 1997; Rose and
Cravotta, 1998; Nordstrom and Alpers, 1999). AMD characteristically has elevated
concentrations of dissolved sulfate, iron, and other metals. Dissolved metals and other
constituents in AMD can be toxic to aquatic organisms and ultimately can precipitate forming
ochreous encrustations that degrade the aquatic habitat (Winland et al., 1991; Bigham and
Nordstrom, 2000).

The pH and concentrations and loadings of alkalinity, acidity, and metals such as iron (Fe),
aluminum (Al), and manganese (Mn) in mine effluent and receiving water bodies commonly are
measured to identify potential for environmental effects (Commonwealth of Pennsylvania,
1998a, 1998b, 2002; U.S. Environmental Protection Agency, 2000, 2002a, 2002b). These
parameters also are measured to identify appropriate treatment methods to remove the metals
and maintain neutral pH (Hedin et al., 1994; Skousen et al., 1998). The pH of AMD is an
important measure for evaluating chemical equilibrium, corrosiveness, and aquatic toxicity. The
severity of toxicity or corrosion tends to be greater under low-pH conditions than under near-
neutral conditions. For example, Al is soluble at low pH, and compared to Fe and Mn, relatively
low concentrations of dissolved Al can be toxic (Elder, 1988). Accordingly, the U.S.
Environmental Protection Agency (2000, 2002a, 2002b) recommends pH 6.5 to 8.5 for public
drinking supplies and pH 6.5 to 9.0 for protection of freshwater aquatic life. Furthermore, the
Commonwealth of Pennsylvania (1998a, 1998b, 2002) stipulates that effluent discharged from
active mines must have pH 6.0 to 9.0 and alkalinity greater than acidity.

Different alternatives for treatment of AMD could be appropriate depending on the volume
of the mine discharge, its alkalinity and acidity balance, and the available resources for
construction and maintenance of a treatment system (Hedin et al., 1994; Skousen et al., 1998).
if the effluent is “net alkaline,” the alkalinity exceeds the acidity and the pH will remain near
neutral after complete oxidation of the effluent. Systems that facilitate aeration of the effluent

and retention of precipitated solids are indicated. On the other hand, if the effluent is “net
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acidic,” the acidity exceeds the alkalinity and the pH will decline to acidic values after complete
oxidation and precipitation of the dissolved metals. Systems that add alkalinity and that
maintain or increase pH are indicated.

Although the correct determination of the alkalinity and acidity balance is critical for
selecting appropriate treatment alternatives or for predicting the outcome if mixing acidic and
alkaline solutions, different methods of analysis and reporting of acidity are practiced (Ott,
1988; Fishman and Friedman, 1989; U.S. Environmental Protection Agency, 1979a; American
Public Health Association, 1998a; Desmier et al., in press). Furthermore, criteria for
determination of net-acidic or net-alkaline solutions have been poorly defined by regulatory
authorities and misapplied by many practitioners. Typically, the net acidity of AMD is
computed by subtracting the alkalinity from the measured “hot” acidity, and vice versa for net
alkalinity (e.g. Brady et al., 1990, 1994; Hedin et al., 1994; Skousen et al., 1998;
Commonwealth of Pennsylvania, 1998a, 1998b). However, as argued by Kirby (2002), the
difference between measured hot acidity and alkalinity can underestimate the alkalinity
requirement and, consequently, result in incorrect identification of treatment alternatives and/or
inadequate treatment. Recently, others have agreed with Kirby (2002) that hot acidity results
should be interpreted as “net acidity.” As will be shown in this paper, the correct interpretation
of hot-acidity data is critical for solutions containing alkalinity and acidity in the form of
dissolved metals. However, the hot acidity may not be analyzed or may be reported incorrectly

as zero for such samples.

Purpose and Scope

This report examines the calculation and interpretation of the “net acidity” or “net alkalinity”
on the basis of commonly measured water-quality data; it complements a companion report by
Kirby and Cravotta (this volume) that explains the theoretical basis for the measurement and
interpretation of acidity and alkalinity. First, background information on the geochemistry of
AMD is presented. Second, field and laboratory data that were acquired during 1999-2003 for a
wide variety of AMD sources in the Anthracite and Bituminous Coalfields in Pennsylvania are
used to illustrate relations among the pH, alkalinity, acidity, and dissolved solute concentrations

and to develop guidelines for their measurement and interpretation.
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Background

AMD is characterized by elevated concentrations of dissolved sulfate (SO4%), ferrous iron
(Fe*™"), and ferric iron (Fe’") and colloidal or particulate Fe'"' compounds that are produced by

the microbial oxidation of reduced forms of sulfur and iron in pyrite (FeS,):

FeS, + 3.5 0,+ H,0 > Fe* +2 SO, + 2 H' (1)

Fe’"+0.25 0, + 2.5 H,0 - Fe(OH); (s) + 2 H (2)

The complete, stoichiometric oxidation of pyrite by oxygen (O;) is indicated by combining
Equations 1 and 2. Half the protons (H"), or acid, produced by the complete oxidation of pyrite
results from the oxidation of pyritic sulfur to SO, (Eqn. 1) and the other half results from the

oxidation of Fe'to Fe'

and its consequent precipitation as Fe(OH)s (Eqn. 2).

To avoid confusion between the identity of the aqueous ions and complexes shown in
reactions and the analytical concentrations of chemical constituents, symbols for the total
analytical concentration of chemical constituents are indicated without regard to valence, such
as Fe and SO4. Symbols with superscripted roman numerals are used to indicate the sum of
aqueous species with a specific redox state, for example Fe', Fe'", and Mn".

The “Fe(OH);” shown in Equation 2 is symbolic for the hydrous Fe oxide and sulfate
minerals that together form ochres in AMD environments, including goethite (a—FeOOH),
ferrihydrite (nominally FesHOg4H,0), and schwertmannite (FesOs(OH)¢SO4) (Bigham et al.,
1996; Bigham and Nordstrom, 2000; Yu et al., 1999; Williams et al., 2002). Generally,
ferrihydrite is the predominant precipitate from near-neutral AMD, whereas schwertmannite is
predominant for low-pH AMD; however, both these minerals are metastable, ultimately
recrystallizing to form goethite (Bigham et al., 1996; Yu et al., 1999; Williams et al., 2002). The
transformation of schwertmannite to goethite can cause the associated solution pH to decrease
and concentration of SOy to increase (Miller, 1980; Bigham et al., 1996).

Near-neutral AMD can form from rock that contains little pyrite or can originate as acidic
AMD that has been neutralized by reaction with calcite (CaCOs) and other minerals containing
Ca, Mg, K, and Na. For example, dissolution of CaCOj neutralizes acid and can increase the pH

and alkalinity of AMD:

CaCO; + H" ¢ Ca’" + HCOy (3)
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The alkalinity of near-neutral AMD can be attributed almost entirely to bicarbonate (HCOs')
derived from the dissolution of carbonate minerals (Eqn. 3) and, to a lesser extent, the microbial
reduction of SO4 (Hedin et al., 1994; Rose and Cravotta, 1998). As the pH of initially acidic

AMD increases to near-neutral values, concentrations of dissolved Fe'

, Al, and other metals can
decline as Fe'' and Al hydroxides precipitate; concentrations of SO4, Fe', and Mn" generally
will not be controlled by the precipitation of hydroxides (Cravotta and Trahan, 1999; Cravotta et
al., 1999). However, under SOy4-reducing conditions, the formation of sulfide and carbonate

minerals can limit concentrations of SO, FeH, and Mn" (Drever, 1997; Langmuir, 1997).

As reported previously (Wood, 1976; Wood, 1996) and indicated with data presented later in
this paper, the pH and alkalinity of AMD and other ground-water samples can be unstable. The
pH, alkalinity, and associated properties potentially can change as the sample equilibrates to
atmospheric conditions because of the exsolution of dissolved carbon dioxide (CO,) and
hydrogen sulfide (H,S), the dissolution of O, and the consequent oxidation of Fe'' and Mn" and
the hydrolysis of Fe'"' and Mn'. Sample instability results because the chemical reactions that
establish equilibrium between the gaseous, aqueous, and solid phases in a system are not
instantaneous but proceed at different rates. For example, aeration of AMD can rapidly saturate
AMD with O, and promote the exsolution of CO;, and H,S. Although, the pH ultimately may
decrease to acidic values because of the oxidation of Fe" and the consequent precipitation of
Fe(OH); (Eqn. 2), initially, the Fe'' may persist in solution as dissolved CO, exsolves and pH

Increases:

HCO;3 €« CO;, (g) + OH 4)

H,COs* > CO, (g) + H,O (5)

where [H,CO5*] = [CO; (aq)] + [H2CO5°] (Stumm and Morgan, 1996). Ground water and coal-
mine drainage commonly contain elevated concentrations of dissolved CO, in association with
elevated partial pressure of gaseous CO, (Pco,) of 107~ to 10 atm in the vadose zone and/or
underlying saturated zone (Cravotta et al., 1994; Langmuir, 1997; Rose and Cravotta, 1998).
After the AMD emerges or has been sampled, the CO, eventually will exsolve until
concentrations of dissolved CO, equilibrate with atmospheric Pco, of 10>~ atm. The exsolution
of CO; from the AMD (Eqns. 4 and 5 go to the right) can be accelerated by aggressive aeration

(Jageman et al., 1988) or heating of the solution (Langmuir, 1997; American Society for Testing
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and Materials, 2000). Note that if solids are not dissolved or precipitated as CO, exsolves, the
acidity due to H,COs* will decrease and the pH will increase while the alkalinity is conserved
(Cravotta and Hilgar, 2000). In some cases, the increased pH could result in saturation with
CaCOs (calcite or aragonite) and its precipitation by the reverse of Equation 3. The precipitation
of Fe(OH); and other solids, including CaCOs, along flowpaths or while samples are in storage
will consume some of the alkalinity in solution.

The potential for consumption of alkalinity, or the release of H' as a product of oxidation,
hydrolysis, and precipitation processes, can be measured or computed as the “acidity” of a
solution. The acidity of AMD results mainly from the potential for hydrolysis of dissolved Fe',
Fe'", Al, and Mn" and the precipitation of associated solid hydroxide compounds. Generally,
except for extremely low-pH solutions, dissolved Fe in AMD is predominantly Fe". Because
dissolved CO; tends to be minimized by aeration of water under atmospheric conditions, its
acidity contribution is considered temporary and thus is not counted by methods used to measure
or compute the acidity of AMD (Rose and Cravotta, 1998; Kirby and Cravotta, this volume). if
a sample has acidity in excess of alkalinity (net acidic), the pH ultimately can decline to acidic
values (pH < 4.5). For example, during 1999-2001, the streamwater in Shamokin Creek near
Shamokin, Pa., as it exited the coal-mined part of the watershed was consistently near-neutral
with pH 5.9 to 6.4, but it was net acidic with elevated concentrations of dissolved SO4 and Fe'
ranging from 260 to 370 mg/L and 10 to 15 mg/L, respectively (Cravotta and Kirby, 2003).
Despite dilution by “clean” tributaries that more than doubled the streamflow of Shamokin
Creek at Sunbury, 32 km downstream from Shamokin, during 1999-2001, the streamwater at
Sunbury had pH as low as 4.0 and dissolved SO, and Fe" concentrations as high as 280 mg/L
and 1.7 mg/L, respectively. Cravotta and Kirby (2003) attributed the decline in pH to the
oxidation and hydrolysis of dissolved Fe" and a corresponding deficiency of alkalinity necessary
to buffer the acid generated by this process.

The rate of oxidation of dissolved Fe!' can be slow under environmental conditions,
depending on the temperature, pH, concentrations of dissolved O, and Fe', and activities of
biological and/or abiological catalysts (Nordstrom, 1985; Stumm and Morgan, 1996; Kirby et
al., 1999). Although dissolved CO, may equilibrate with the atmosphere and Fe" can be
oxidized in a timeframe of minutes to days, transformations of initially formed solids to more

stable phases, such as the conversion of ferrihydrite or schwertmannite to goethite (Miller, 1980;
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Bigham et al., 1996), can require months or years. These kinetic factors are minimized with the
standard “hot peroxide treatment” acidity method (U.S. Environmental Protection Agency,
1979a; American Public Health Association, 1998a; American Society for Testing and Materials,
2000) in which the sample is initially titrated with sulfuric acid (H,SO4) to pH ~ 4.0, unbuffered
hydrogen peroxide (H,0,) is added, and then the sample is boiled and cooled prior to titration
with sodium hydroxide (NaOH) to the endpoint pH of 8.2 or 8.3. The first two steps promote
the exsolution of CO, and the oxidation of dissolved Fe" and Mn". Except for the endpoint pH
of 8.2 for the U.S. Environmental Protection Agency (1979a) and the endpoint pH of 8.3 for the
American Public Health Association (1998a) and American Society for Testing and Materials
(2000), these “hot peroxide treatment” procedures for measuring acidity are equivalent.

Hereinafter, acidity measured by these methods is referred to as the “hot” acidity.

Methods of Data Collection and Analysis

Sample Site Selection

Field and laboratory data were acquired for the chemistry of nearly 200 abandoned coal-
mine drainage sites in Pennsylvania that represented a wide range of solution compositions. In
all these samples, dissolved iron, manganese, and/or aluminum were the predominant sources of
acidity due to metals.

In 1999, discharges from 140 abandoned underground coal mines in the bituminous and
anthracite coalfields of Pennsylvania (Fig. 1) were sampled for analysis of chemical
concentrations and loading (Cravotta et al., 2001). The 99 bituminous discharges previously had
been studied by the Southern Alleghenies Conservancy (1998). The 41 anthracite discharges
previously had been studied by the U.S. Geological Survey (USGS) (Growitz et al., 1985;
Wood, 1996). Nevertheless, these prior reports did not include data on the “hot” acidity or the
pH of oxidized samples.

In March 2000, discharges from 45 abandoned anthracite mines in the Shamokin Creek
Basin, Western Middle Anthracite Field, Pa., were sampled to assess the effects of AMD on the
streamwater quality (Cravotta and Kirby, 2003). Most of these discharges were from
underground mines, but seepage from spoil also was sampled. These data included values for

“hot” acidities and dissolved metals, but they did not include the pH of oxidized samples.
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Lastly, in June 2003, discharges from eight abandoned, underground anthracite mines in the
Wiconisco Creek, Swatara Creek and Schuylkill River Basins, Southern Anthracite Field, Pa.,
were sampled and analyzed by various methods for this study to evaluate differences among the
methods for acidity determination, effects of sample storage, and associated relations among the

acidities, pH, alkalinity, and metals concentrations.

Water-Quality Sampling and Analysis

In accordance with standard methods, field data for flow rate, temperature, specific
conductance (SC), dissolved O,, pH, and redox potential (Eh) were measured at each site when
samples were collected (Rantz et al., 1982a, 1982b; Wood, 1976; U.S. Geological Survey, 1997
to present; 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/AgCl 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, 1997 to present). Values for Eh were corrected to 25 °C relative to the
standard hydrogen electrode in accordance with methods of Nordstrom (1977). Water samples
were collected into sample-rinsed 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 nitric acid to pH < 2.
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All samples were processed using consistent, standard methods for analysis of alkalinity,
anions, and cations. The unfiltered subsamples were analyzed for alkalinity in the laboratory
within 48 hours of sampling by titration with H,SO4 to the endpoint pH of 4.5 (U.S.
Environmental Protection Agency, 1979b; American Public Health Association, 1998b;
American Society for Testing and Materials, 2000). 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 solution. Sulfate and chloride 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 collected in 1999 were analyzed in replicate by one or more of the methods
and at two or more laboratories. Results for replicate analyses were averaged. Charge
imbalances routinely were less than 5% relative to the mean of cation and anion equivalents.

Initially, for the 140 AMD samples collected in 1999, only the “cold” acidity was measured
based on the first author’s judgment that the “hot” acidity would be redundant with other
available data for the computed acidity and alkalinity. The “cold” acidity was measured in the
laboratory within 48 hours of sampling by titration at ambient temperature with NaOH to the
endpoint pH of 8.3 after the addition of H,O,; samples containing alkalinity were not initially
titrated with H,SO4, and samples were not boiled. In 2003, after discussion with A. W. Rose
(2003, written commun.) and the second author about potential for the “hot” acidity of stored
samples to be stable, all available unpreserved subsamples (126 of 140) that had been collected
in 1999 and archived at room temperature were analyzed for pH, alkalinity, and “hot” acidity in
accordance with standard methods (American Public Health Association, 1998a, 1998b). These
data were considered necessary to evaluate measured and computed acidity and the ultimate
potential for pH to be acidic or neutral. In figures illustrating the data, these measurements on
“aged” samples are identified accordingly.

For the Shamokin AMD samples collected in March 2000 and the Wiconisco-Swatara-
Schuylkill AMD samples collected in June 2003, the standard method “hot” acidity (American
Public Health Association, 1998a) was measured on unfiltered samples in the laboratory within

48 hours of sampling. For Shamokin AMD samples that had pH > 6.5, the “hot” acidity values
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were reported as “zero” when, if fact, titrations were not actually performed on these samples.
As discussed later, some of these samples would have reported positive hot acidity titration
values and others negative values.

To evaluate differences among the methods for acidity determination, effects of sample
storage, and associated relations among the acidities, pH, alkalinity, and metals concentrations,
various measurements of pH, alkalinity, and acidity were performed for the Swatara-Schuylkill
AMD samples. In addition to its measurement in the field, the pH was measured on stored
samples, with and without H,O, added, within 24 hours of sampling, after 7 days, and after 5
months. Alkalinity, “hot” acidity, and “cold” acidity also were measured on the fresh and 5-

month old samples by methods described above.

Aqueous Speciation Computations

Activities of aqueous species were calculated using the WATEQ4F data base with the
WATEQ4F (Ball and Nordstrom, 1991; Drever, 1997) and PHREEQC (Parkhurst and Appelo,
1999) computer programs. The concentrations and activities of Fe' and Fe'' species were
computed on the basis of the Eh, temperature, and ionic strength 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. Results expressed as
molalities for selected species were used to compute the acidity due to H' and dissolved metals.

PHREEQC (Parkhurst and Appelo, 1999) also was used to simulate the acidimetric titration
of the Swatara-Schuylkill samples with NaOH. Modeled solutions were oxidized by O, and
equilibrated with atmospheric CO,. The pH was decreased from the initial values by fixing pH
to 4.0 with H,SOs, and then the pH was increased by adding aliquots of NaOH. Specific solid
phases, including ferrihydrite and amorphous AI(OH);, were allowed to precipitate to maintain
solubility equilibrium. Charge balance was established by adjusting sulfate concentration prior
to speciation computations.

Computation of Acidity and Net alkalinity

The acidity due to metals was computed from pH and dissolved metals concentrations in

milligrams per liter:

Acidityeomputea (Mg/L CaCO3) = 50:(10°P™ + 2:Cre/55.8 + 2:Cpa/54.9 + 3Ca/27.0)  (6)
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Hedin ef al. (1994) and Rose and Cravotta (1998) described a similar computation in which
separate contributions from dissolved Fe' and Fe™ are considered; this method also was
evaluated. Nevertheless, owing to its relatively low solubility and tendency to hydrolyze at low
pH, Fe"" will not contribute much acidity over a pH range from 2.5 to 8.3 as explained below. In
Equation 6, acid equivalents as H™ (OH neutralizing capacity) of 2 per mole of Fe and Mn and 3
per mole of Al were assumed based on the relevant hydrolysis constants, pK; and pK,, at 25 °C
from Ball and Nordstrom (1991) and the potential for the dissolved metals to hydrolyze over a
pH range from 2.5 to 8.3. Uncomplexed Fe*" and Mn”" ions have 2 equivalents per mole and
tend to predominate over Fe" and Mn" hydroxyl species in AMD with pH < 8.3 (pK; = 9.5, Fe**
<> Fe(OH)"; pK; = 10.6, Mn®" <> Mn(OH)"). In contrast, the acid equivalence of Fe" varies
over the relevant pH range. At pH > 2.2, dissolved Fe'" has less than 3 equivalents per mole
because of the tendency for Fe’” to form hydroxyl complexes (pK; = 2.2, Fe’™ «-> Fe(OH)*";
pK,=3.5,F e(OH)*" € Fe(OH),"). At pH < 5, uncomplexed A’ ions, with 3 equivalents per
mole, tend to be dominant (pK; = 5.0, AI’" «> Al(OH)*"; pK, = 5.2, AI(OH)*" €<= Al(OH),").
Because SO, is a principal component and is not involved in hydrolysis reactions at pH 8.3, the
formation of metal-sulfate complexes does not affect the equivalent acidities of the dissolved
metals.

Considering the different tendencies for metal hydrolysis and corresponding differences in
the OH™ neutralizing capacities for various aqueous species, a more precise estimate of the

acidity can be computed
Acidityspeciated (Mmg/L CaCO3) = 502 (e;  mM;) (7)

where the concentration for each species (mM;) in millimoles is multiplied by its acid
equivalents per millimole (e;). Kirby and Cravotta (this volume) provide a detailed explanation
of the acidity contributions due to different aqueous species. The acid equivalent values ranged
from -1 to +4 on the basis of the principal aqueous components at the titration endpoint pH of
8.3. Because the titrated acidity measures base consumption by all hydrolyzable species, the
acidity computed on the basis of aqueous speciation considered contributions from Fe', Fe'",
Mn", and Al species, plus bisulfate (HSO,) and associated complexes. For example, values

were assigned for equivalent acidity of -1 for AI(OH)4, 0 for AI(OH);’, 1 for AI(OH),", 2 for
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AI(OH)2+, 3 for AI’* and AISO,", and 4 for AIHSO,*", with consistent values for other metal
species (Kirby and Cravotta, this volume).
The “net alkalinity” was computed by subtracting the computed acidity from the measured,

fresh alkalinity:

Net alkalinity (mg/L CaCOj3) = Alkalinity - Aciditycomputed (8)
The “net acidity” is simply the opposite of the net alkalinity:

Net acidity (mg/L CaCOs) = -Net alkalinity = Aciditycomputed - Alkalinity 9)

According to Kirby and Cravotta (this volume), the net acidity computed by Equation 9 should
be comparable in value to the “hot” acidity where the H,SO4 added to the sample is subtracted

from the NaOH added.

Comparison of Measured and Computed Acidity with pH of Mine Drainage

Data on the 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 0.01 to 132 m’/min. Median flow rates for the anthracite mine
discharges generally exceeded those for the bituminous mines (Table 1, Fig. 2). The differences
in median flow rates 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.
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The pH of the 140 fresh AMD samples ranged from 2.7 to 7.3 (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). Although the median pH values for the
anthracite and bituminous samples were similar, the minimum and maximum pH values were
associated with bituminous mine discharges. The bituminous discharges also had greater median
and maximum concentrations of alkalinity, acidity, SO4, and other solutes than the anthracite
discharges (Table 1, Fig. 2). The alkalinity was positively correlated with pH; acidity and
dissolved Al concentrations were inversely correlated with pH; and SO., Fe, and Mn
concentrations were not correlated with pH (Fig. 2). The general decline in dissolved Al
concentration with increased pH is consistent with solubility control by Al hydroxide and
hydroxysulfate minerals (e.g. Nordstrom and Ball, 1986; Bigham and Nordstrom, 2000). The
lack of correlation between pH and concentrations of Fe and Mn implies these metals are not
controlled by hydroxide mineral solubility. 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. The median SOy, Fe, and acidity concentrations for bituminous discharges
generally exceeded those for anthracite discharges at successive pH class intervals (Fig. 2). This
implies that pyrite oxidation could be active in the bituminous mines and/or dilution with
uncontaminated water is an important AMD attenuation mechanism for the anthracite mines.
The elapsed time since mine flooding, access of air or oxygenated water, and remaining
quantities of pyrite all could be important factors affecting SO, Fe, and acidity concentrations.
Cravotta et al. (1999) discussed these and other environmental factors as they may affect the

quality of effluents discharged from anthracite and bituminous mines.

The frequency distribution of pH of the 140 fresh AMD samples was bimodal (Figs. 2 and
3), with the majority either near neutral (pH 6 to 7) or acidic (pH 2.5 to 4), as documented for
other regional data sets (e.g. Brady et al., 1997; Cravotta et al., 1999). Approximately 25
percent of the fresh AMD samples had pH values from 4.0 to 5.5. The bimodal pH frequency
distribution was distinctive for the fully oxidized samples (Figs. 3, 4A, and 4B). The aged,
oxidized samples had dominant modes at pH 2.5 to 4.5 and 6.0 to 8.5; none of the oxidized
samples had intermediate pH values (Figs. 3 and 4B). The final oxidized pH for net acidic
samples was approximated by the H,O,-treated samples (Fig. 4B). However, this method
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overestimated or underestimated the ultimate pH for a large fraction of the acidic samples and
all of the near-neutral samples, respectively. The range of pH for the aged, oxidized samples

was nearly 2 units greater than that indicated by the H,O,-treated samples (Fig. 4B).
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Figure 3. Frequency distribution for pH of 140 abandoned mine discharges in Pennsylvania
sampled in 1999: 4, Anthracite discharges; B, Bituminous discharges.

The differences between the pH of fresh, H,O,-treated samples and the aged samples could
arise because the addition of H,O, without boiling (1) does not promote CO, exsolution from
high-pH samples, (2) does not result in complete oxidation of Fe" and Mn", and (3) does not
promote the formation of thermodynamically stable phases such as goethite. The eventual
recrystallization of schwertmannite to goethite as samples age will release SO4* and H' to

solution (Bigham et al., 1996). Furthermore, because goethite is less soluble than ferrihydrite or
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schwertmannite, the pH of solutions in equilibrium with goethite will be lower than that for
initial conditions with the precursor minerals. Hence, the pH of net-alkaline, near-neutral
samples generally could increase with aging as CO, exsolves, and the pH of acidic samples that
had initially precipitated schwertmannite could decrease as goethite forms. Ultimately, the pH
will become stable when equilibrium among the gaseous, aqueous, and solid phases is achieved,
as probably was the case for the 4-yr old samples. Analysis of fresh and aged precipitates is

needed to confirm the above hypothesis, and the length of time for equilibration is uncertain.
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Figure 4. Relations among pH, alkalinity, and acidity for 140 fresh and aged sample pairs,
Anthracite and Bituminous Coalfields, Pa., 1999: 4, field-measured pH compared to lab-pH
values; B, lab pH after H,O, treatment of fresh samples compared to lab pH of 4-yr old samples;
C, alkalinity of fresh samples compared to alkalinity of 4-yr old samples; D, “hot” acidity of 4-yr
samples compared to computed acidity minus alkalinity (net acidity per Eqn. 8).
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Figure 5. Relations among pH, alkalinity, and acidity for 140 fresh and aged sample pairs,
Anthracite and Bituminous Coalfields, Pa., 1999: A, pH of fresh and aged samples compared to
acidity; B, pH of aged samples compared to hot acidity and net acidity (computed acidity (Eqn.
6) minus alkalinity); C, measured hot and cold acidities compared to computed acidity based on
aqueous speciation; D, computed acidity based on analytical concentrations compared to
computed acidity based on aqueous speciation. In B, reference lines at pH of 6 and net alkalinity
of 0 are shown to distinguish net acidic and net alkaline or near-neutral samples.

Many of the AMD samples had near-neutral or intermediate pH values and contained
measurable alkalinity under field conditions but ultimately had acidic, oxidized pH values that
were two or three units lower than initial conditions (Figs. 4A, 4B, 4C, 5A, and 5B). The
alkalinities of samples under field conditions were greater than or, in few cases, equal to the
alkalinities of oxidized, aged samples (Fig. 4C). The general decline in alkalinity of aged
samples resulted from the reaction of HCO;™ with H' produced as solid products precipitated

from the sample such as Fe(OH); per Equation 2 and/or CaCOs per the reverse of Equation 3.
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The oxidized pH values were consistent with the measured “hot” acidity and the net acidity
computed as the acidity due to dissolved metals (Eqn. 6) minus the fresh alkalinity (Eqn. 9).
Samples that had near-neutral pH after oxidation had negative values for hot acidity; samples
that had acidic pH after oxidation had positive hot acidity (Figs. 4A, 4B, 5A, and 5B).

Calculated net acidity generally was the same as the measured hot acidity, with the exception
of high-pH samples that may have precipitated calcite (Figs. 4D and 5D). Assuming equivalents
of 2 per mole of dissolved Fe and Mn and 3 per mole of dissolved Al per Equation 6, computed
acidity and corresponding values of net acidity or net alkalinity generally compared well with
the “hot” acidity measured for fresh or aged samples (Figs. 4D, 5B, 5D).

The data on pH, hot acidity, and net acidity for the Wiconisco-Swatara-Schuylkill AMD
samples from the Southern Anthracite Field (Fig. 6) and the Shamokin AMD samples from the
Western Middle Anthracite Field (Fig. 7) illustrated consistent relations as those described
above. The pH of the Wiconisco-Swatara-Schuylkill AMD samples ranged from 3.4 to 6.0, and
concentrations of dissolved SOy, Fe, Al, and Mn ranged from 75 to 1,090 mg/ L, 0.16 to 200
mg/L, 0.005 to 11.4 mg/L, and 1.0 to 8.2 mg/L, respectively (Table 2). The pH of the Shamokin
AMD samples ranged from 2.6 to 6.7, and concentrations of dissolved SOs, Fe, Al, and Mn
ranged from 8.4 to 802 mg/L, 0.04 to 57.4 mg/L, <0.20 to 35.8 mg/L, and 0.01 to 7.1 mg/L,
respectively (Table 2).

Acidities measured on the fresh and 5-month aged Wiconisco-Swatara-Schuylkill AMD
samples indicated that the hot acidity was stable, whereas the cold acidity was not (Fig. 6C).
The cold acidity on fresh samples was greater than that for aged samples, and it was greater than
or equal to the hot acidity (Figs. SC and 6C). Larger values of cold acidity on fresh samples
compared to aged samples and compared to the hot or computed acidity result from CO, and
H,S that is included in the cold acidity measurement but that largely will be eliminated by
aeration and exsolution of these dissolved gases during hot acidity titration or under atmospheric

conditions as samples aged.
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Figure 6. Relations among pH and acidities determined by various methods for 8 mine drainage
samples, Wiconisco Creek, Swatara Creek, and Schuylkill River Basins, Southern Anthracite
Coalfield, Pa., 2003: A4, field-measured pH compared to lab-measured pH values; B, acidity
computed from aqueous species compared to acidity computed from analytical concentrations;
C, net alkalinity compared to various measured values for acidity; D, titrated acidity and
computed net alkalinity compared to lab pH after H,O, treatment of fresh samples. Reference
lines at pH of 6 and net alkalinity of 0 are shown to distinguish net acidic and net alkaline or
near-neutral samples.

Despite changes in pH as metals oxidize and their concentrations decline (Fig. 6A), the “hot”
acidity was equivalent for the fresh and oxidized samples (Fig. 6C and 6D). As a metal-laden
sample oxidizes, its electroneutrality will be maintained; an equivalent quantity of protons will
be released into solution for each mole equivalent of metals oxidized and precipitated. Hence,
hot acidity can be measured on fresh or aged samples; however, because it excludes

contributions from CO,, the hot acidity could underestimate the actual quantity of “caustic”
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chemicals, such as NaOH or lime, needed to neutralize AMD without preaeration (e.g. Jageman
et al., 1988; Means and Hilton, this volume). An evaluation of the difference between the cold
acidity on fresh samples and the hot acidity could be useful to indicate the potential benefit of
aeration before adding base chemicals to AMD.

The Shamokin AMD data represent typical results for “fresh” sample analyses at a non-
research laboratory (Fig. 7). The oxidized pH was not recorded, and several samples with field
pH > 5.6 were reported to have “hot” acidity concentration of zero. The acidity was not
measured on those samples having laboratory pH > 6.4; however, the actual acidity could have
been as much as 50 mg/L for several of these near-neutral samples (Figs. 7A and 7B). The hot
acidity concentrations for samples that had field pH < 5.6 compared well with the computed
acidity on the basis of dissolved metals (Eqn. 6). All the samples that had pH < 5.6 were net
acidic. However, the relation between field pH and the computed net alkalinity is ambiguous for
about a dozen samples that had pH of 5.8 to 6.3 (Fig. 7C). Although a majority of samples that
had pH > 6 had positive net alkalinity, a few AMD samples with near-neutral pH had negative
net alkalinity and corresponding positive values for hot acidity. The net acidic, high-pH samples
had elevated concentrations of SO, and Fe", implying their origin as acidic AMD that had been
partially neutralized.

For all three data sets, the measured hot acidities and the corresponding values for computed
net acidities or net alkalinities on the basis of dissolved metals generally compared well with one
another. The computed acidity avoids issues of different analytical methods, the lack of
reporting negative values, or an assumed value of zero for near-neutral pH samples. However, it
also involves assumptions regarding valence or speciation of the dissolved metals and requires
that samples be filtered or free of suspended solids (Hedin, this volume). In Equation 6, acid
equivalents of 2 per mole of Fe and Mn and 3 per mole of Al were assumed. The use of
Equation 6 to compute acidity due to dissolved metals is warranted for filtered samples

considering good agreement between the computed acidity and measured hot acidity.
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Practical Considerations and Conclusions

(1) The pH of

oxidized mine drainage has a distinctive bimodal frequency distribution, with modes at pH 2.5 to

4 (acidic) and pH 6 to 8.5 (near neutral); oxidized samples have acidic or near-neutral pH, only.

(2) Samples that have near-neutral pH after oxidation have negative values for hot acidity

indicating surplus alkalinity; samples that have acidic pH after oxidation have positive values for

hot acidity indicating a deficiency of alkalinity. (3) Samples with comparable pH values could

have substantially different concentrations of “hot acidity” owing to differences in their
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concentrations of alkalinity and/or dissolved Fe and Mn. (4) The hot acidity is comparable to
“net acidity” computed on the basis of initial pH and concentrations of Fe, Mn, and Al minus the
initial alkalinity. (5) Acidity computed from the pH and dissolved metals concentrations,
assuming a valence of 2 for iron and manganese and 3 for aluminum, is closely equivalent to that
computed considering the Fe'/Fe™ distribution or on the basis of aqueous species. (6) Despite
changes in the pH, alkalinity, and metals concentrations, the hot acidities were comparable for
fresh and oxidized samples. (7) The addition of H,O, to a fresh sample will indicate if the
ultimate pH after exposure to the atmosphere will be acidic; however, this method can
overestimate or underestimate the ultimate pH for aged, acidic or near-neutral samples,
respectively.

In conclusion, meaningful net acidity can be determined from a measured hot acidity or by
calculation from the pH, alkalinity, and dissolved metals concentrations. Together, these water-
quality data can be useful for evaluating the potential for toxicity, corrosion, or encrustation and
can be helpful for determining the appropriate remediation. if the standard method hot acidity,
using initial titration with H,SOy, addition of H,0,, and boiling prior to titration with NaOH to
the endpoint pH of 8.3 (American Public Health Association, 1998a; American Society for
Testing and Materials, 2000), is applied rigorously, consistent and interpretable results are
obtained. Generally, the hot acidity is stable and gives consistent results for fresh and aged
samples, whereas pH and alkalinity can be unstable as the sample ages. Thus, the hot acidity is a
better overall measure than pH, alkalinity, or derivative terms for the severity of acid mine
drainage. The hot acidity indicates both the required quantities of base needed for neutralization
of aerated AMD and the potential for pH to decrease owing to the oxidation and hydrolysis of
dissolved Fe and Mn. The measurement of hot acidity on fresh or aged samples will indicate a
comparable “net acidity” result; therefore, sample refrigeration and immediate measurement
should not be considered necessary unless measurements of pH, alkalinity, or other unstable
constituents also are needed on the same sample. The hot acidity is not ambiguous compared to
cold acidity or computed net acidity, where contributions from CO, and differences in sample
preservation can affect the outcome. Nevertheless, the hot acidity could underestimate the
quantity of “caustic” chemicals needed to neutralize AMD containing dissolved CO,. In such

cases, the cold acidity titration with addition of H,O, prior to titration with NaOH to the
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selected endpoint pH could be a useful measure and, compared with the hot acidity, could
indicate potential benefits of aeration before the addition of chemicals to neutralize the AMD.
The results and conclusions of this report are consistent with the following paraphrased
comments from Arthur W. Rose (2003, written commun.) sent as E-mail to the authors prior to
our measurement of pH and hot acidity on aged samples: The standard method hot acidity
involving initial titration with H,SO4 and addition of H,0, is the preferable way to determine
net acidity. The titration method alleviates a number of problems associated with sample
collection and preservation. Also, it is widely used in industry and is a relatively accurate
measurement, except for the inconsistent reporting of negative values. Obviously we need to get
labs to report negative acidities. it gives the correct answer without filtration and without a
determination of Fe"/Fe'", and it does not require refrigeration or immediate titration of samples.
Despite internal changes in pH and consumption of alkalinity during sample storage, the “net”
value measured by hot acidity is unchanged. In addition to determining if the solution
ultimately will have acidic pH (positive net acidity) or near-neutral pH (positive net alkalinity),
the hot acidity measurement is useful for sizing of passive systems, or for evaluating mixing of

acidic and alkaline solutions.
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