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ARTICLE INFO ABSTRACT

Editorial handling by Dr. Z Zimeng Wang The PHREEQ-N-AMDTreat aqueous geochemical modeling tools described herein simulate changes in pH and

solute concentrations resulting from passive and active treatment of acidic or alkaline mine drainage (AMD). The

Keywords: “user-friendly” interactive tools, which are publicly available software, utilize PHREEQC equilibrium aqueous
Acid mine drainage and surface speciation models and kinetics models for O, ingassing and CO, outgassing, iron and manganese
I_}/[etils " oxidation and precipitation, limestone dissolution, and organic carbon oxidation combined with reduction of
T ment . P . . . . .
catme . nitrate, sulfate, and ferric iron. Reactions with synthetic caustic chemicals (CaO, Ca(OH),, NaOH, NazCO3) or
Water quality model . . . . . c.
Kinetics oxidizing agents (H202) also may be simulated separately or combined with sequential kinetic steps. A user
Adsorption interface facilitates input of water chemistry data for one or two (mixed) influent AMD solutions and adjustment
PHREEQC of kinetic variables. Graphical and tabular output indicates the changes in pH, metals and other solute con-

centrations, total dissolved solids, and specific conductance of treated effluent plus the cumulative quantity of
precipitated solids as a function of retention time or the amount of caustic agent added. By adjusting kinetic
variables or chemical dosing, the effects of independent or sequential treatment steps that have different
retention time (volume/flow rate), aeration rate, quantities of reactive solids, and temperature can be simulated
for the specified influent quality. The size (land area) of a treatment system can then be estimated using reaction
time estimates (volume for a corresponding treatment step is the product of reaction time and flow rate; area is
volume divided by depth). Given the estimated system size, the AMDTreat cost-analysis model may be used to
compute approximate costs for installation (capital) and annual operations and maintenance. Thus, various
passive and/or active treatment strategies can be identified that could potentially achieve the desired effluent
quality, but require different land area, equipment, and costs for construction and operation.

1. Introduction

Contaminated drainage and associated metal-rich precipitates from
abandoned coal and metal mines degrade aquatic habitats and affect the
potential utilization of water resources in mining regions worldwide.
The mine effluents can have a wide range of pH values (2-8) along with
elevated concentrations of SO4, Fe, Al, Mn, and other constituents
(Blowes et al., 2014; Cravotta, 2008a; Feng et al., 2014; Gombert et al.,
2018; Li, 2018; Nordstrom, 2011a, 2011b). Although various trace el-
ements, such as Zn, Cd, Co, Cu, Pb, Ni, As, Se, and others, can be present
at concentrations that approach or exceed aquatic toxicity thresholds,
dissolved concentrations of Fe, Al, and Mn account for most metals
loading from coal mines (Cravotta, 2008a; Cravotta and Brady, 2015;
Feng et al., 2014; Gombert et al., 2018). Metal-mine drainage generally
overlaps the composition of coal-mine drainage and produces similar
precipitates but can have more extreme values for pH, sulfate, and
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trace-element concentrations (Nordstrom, 2011a). After exposure to
atmospheric conditions, dissolved Fe, Al, and Mn tend to precipitate as
ochreous encrustations composed of amorphous to poorly crystalline
Fe' and Al-hydroxide and hydroxysulfate compounds, including fer-
rihydrite (Fe(OH)3), schwertmannite (FegOg(OH)gSO4), goethite
(FeOOH), boehmite (AIOOH), gibbsite (Al(OH)s3), and basaluminite
(Al4(OH)1¢S04) (Bigham et al., 1996; Bigham and Nordstrom, 2000;
Cravotta, 2005, 2008a, 2008b; Kairies et al., 2005; Lozano et al., 2020;
Robbins et al., 1999a; Sanchez-Espana et al., 2016; Winland et al.,
1991), plus locally important Mn"™™V hydroxides and oxides (Cravotta
and Trahan, 1999; Cravotta and Watzlaf, 2003; Kairies et al., 2005;
Santelli et al., 2010; Tan et al., 2010).

Treatment of acidic or alkaline mine drainage (AMD) to attenuate
dissolved metals can decrease acidity (Kirby and Cravotta, 2005) and
contaminant loadings to streams, potentially mitigating aquatic impacts.
At active mining operations, aggressive aeration and/or the addition of
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alkaline (caustic) chemicals (NaOH, CaO, Ca(OH),) or oxidizing agents
(H202) may be used along with polymers to facilitate the precipitation
and settling of metal-rich (Al, Fe, Mn) solids (Cravotta and Brady, 2015;
Cravotta et al., 2015; Skousen et al., 2017, 2019; U.S. Environmental
Protection Agency, 1983). At abandoned mines, passive treatment using
natural substrates, such as limestone and organic-rich compost, may be
combined with aeration cascades to increase alkalinity, pH, and O with
associated attenuation of metals concentrations (Geroni et al., 2012;
Hedin et al., 1994; Johnson and Hallberg, 2005; Watzlaf et al., 2004).
Decreased concentrations of trace metals concomitant with increased
pH during mine-water treatment are consistent with their attenuation by
coprecipitation or adsorption with hydrous Fe' oxides (HFO), hydrous
Al oxides (HAO), and hydrous Mn™ Y oxides (HMO) (Burrows et al.,
2017; Cravotta et al., 2015; Cravotta and Brady, 2015; Cravotta and
Trahan, 1999; Cravotta and Watzlaf, 2003; Kairies et al., 2005). These
hydrous metal oxides (HMeO) in AMD treatment systems and associated
aquatic environments may be present as discrete phases or combined
with other sorbent materials as components of particulate matter, sed-
iments, and biofilms (e.g. Ashby, 2017; Burgos et al., 2012; Chen and
Thompson, 2018; Coston et al., 1995; Hedin et al., 2019; Kairies et al.,
2005; Lofts and Tipping, 1998; Munk et al., 2002; Tipping et al., 2011;
Webster et al., 1998; Winland et al., 1991).

A specific water-treatment strategy may be appropriate for a mine
effluent depending on variations in its flow rate and chemistry, site
characteristics, funding, and operational logistics plus the chemical and
biological characteristics of the receiving water body (Pennsylvania
Department of Environmental Protection, 2016). Empirical testing of
aeration rate, chemical dosing, and/or contact time with limestone or
other substrates can (1) demonstrate the potential effectiveness of a
treatment method to meet criteria for discharge and the protection of
aquatic life and (2) be useful to indicate system sizing and estimate
associated costs (e.g. Cravotta, 2003; 2007; 2008; 2015; Cravotta and
Watzlaf, 2003; Cravotta et al., 2008; 2015; Means and Hilton, 2004;
Watzlaf and Hedin, 1993; Watzlaf et al., 2004). However, the empirical
data, if available, may not demonstrate variations in treatment resulting
from changes in the flow rate, water quality, temperature, and other
environmental conditions. Geochemical modeling coupled with
cost-analysis software, such as AMDTreat (Office of Surface Mining
Reclamation and Enforcement, 2017; Cravotta et al., 2015), may be
applied to identify and evaluate treatment strategies for the potential
range of variations in influent water quality and to compare costs for
construction and operation of different treatment methods that produce
the desired effluent quality.

In this paper, a novel geochemical tool set is presented that couples
aqueous and surface complexation equilibrium with kinetics models to
simulate potential changes in water quality during passive and active
treatment of AMD. The reactions considered may occur in various
environmental settings and affect a wide range of major and trace ele-
ments; however, the current scope of modeling and this paper are
limited to those constituents (acidity, Al, Fe, Mn, and SOy, plus total
dissolved solids and specific conductance) that are the focus of pollutant
discharge regulations at coal mines in the USA. Although the
geochemical tool set can be used independently, it was developed for
eventual incorporation with AMDTreat, which is currently (2018-2020)
being recoded from FoxPro to C++ (Cravotta, 2018). This paper pro-
vides background on the software development, describes relevant rate
expressions and associated sources of information, explains some of the
options for adjusting variables, and provides examples for the potential
application and interpretation of modeling results.

2. Materials and methods

The PHREEQ-N-AMDTreat water-quality modeling tools, accessible
in the U.S. Geological Survey software release (Cravotta, 2020) and with
supplemental data, were developed by building on previous PHREEQC
(Parkhurst and Appelo, 2013) geochemical codes reported by Cravotta
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(2015) and Burrows et al. (2017). The modified PHREEQC code was
adapted to run using IPhreeqcCOM (Charlton and Parkhurst, 2011) with
an expanded thermodynamic database and a user interface (UI) for input
and adjustment of the modeled variables. The code combines equilib-
rium aqueous and surface speciation and kinetics equations for gas ex-
change, aqueous Fe' and Mn" oxidation, limestone dissolution, and
organic carbon oxidation coupled with reduction of NO3, SO4, and Fe'll,
Other reported models considered Fe!' and Mn" oxidation kinetics and
may also have considered adsorption and neutralization processes that
are important for AMD treatment (Antoniou et al., 2013; Vries et al.,
2017; Burrows et al, 2017). Nevertheless, the executable
PHREEQ-N-AMDTreat tools were specifically designed to facilitate
simulations of water-quality effects from AMD treatment processes.

Modeled variables include initial solution chemistry and important
physical and chemical parameters that may affect the water quality
during treatment (Table 1 and S1). For the current effort, the phreeqc.
dat database (provided with Phreeqc Interactive 3.6.2.15100 January
2020), which includes diffusivity coefficients for computation of specific
conductance (SC), was supplemented with thermodynamic data for
solubilities of Fe, Al, Mn, or SO4 solids (Table S2), surface speciation
involving HFO, HMO, and HAO sorbents (Tables S3 and S4), and rate
models for kinetic reactants (Table S5). To prevent unrealistic instan-
taneous equilibration to oxidized or reduced species, relevant equilib-
rium expressions were replicated for “decoupled” redox species of Fe
(+2, +3), Mn (+2, +3), N (=3, +5), and S (-2, +6), which are involved
in kinetic (disequilibrium) reactions (e.g. Antoniou et al., 2013; Bethke,
2008; Parkhurst and Appelo, 2013; Vries et al., 2017). Oxidation or
reduction reactions for the decoupled species occur only through the
rate models. All the rate models included in phreeqc.dat (provided with
Phreeqc Interactive 3.6.2.15100 January 2020) were modified; the
modified rate models plus additional rate models, described below,
include adjustment factors that are multiplied by the rate constants.
Hereinafter, the expanded thermodynamic database including the rate
models, which are used by the PHREEQ-N-AMDTreat modeling tools, is
identified as phreeqcAMDTreat.dat.

The UI, which was generated with Visual Studio (2019), is illustrated
for each of the PHREEQ-N-AMDTreat tools with different case-study
examples in the Results and Discussion and in the supplementary data.
The UI facilitates the input, adjustment, and saving of values for
water-quality and kinetic variables and permits selection of on-screen
graphical displays of results as well as output reports. Instead of
“hard-coded” numeric values within the PHREEQC code, which would
require modification of the code each time a value is changed, the
[PhreeqcCOM code that is linked to the UI incorporates text variables.
Numeric values for these text variables, which are displayed in the UI
and saved in xml files, are specified for input solution chemistry, kinetics
parameters, and sorbent characteristics.

2.1. Kinetics

The PHREEQ-N-AMDTreat modeling tools consider time-dependent
chemical reactions that are affected by variations in the temperature,
pH, concentrations of dissolved gases and solutes, the availability of
sorbent surfaces or reactive substrates, and/or catalysis by iron-
oxidizing bacteria (FeOB). All the rate expressions and rate constants
for the kinetics models were adapted from the literature. The literature
rate constants are automatically corrected for temperature effects and
may be further adjusted by user-selected multiplication factors,
explained below.

2.1.1. Atmospheric exchange

Because aeration affects the aqueous concentrations of O, and CO,
and, consequently, pH and aqueous ion activities (e.g. Cravotta, 2015;
Geroni et al., 2012; Kirby et al., 2009), the kinetics of gas exchange can
affect numerous equilibrium and kinetics processes. A generalized
first-order asymptotic expression is used to estimate the rates of CO2
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Table 1 Table 1 (continued)
Abbreviated description of variables used in PHREEQ-N-AMDTreat modeling Variable description Variable on User
tools. Interface
Variable description Variable on User Equilibrium value (solid-phase precipitation limit) for all
Interface steps in CausticTitration, ParallelTreatment, or
Solutions A and B* TreatTrainMix2 tools
Design flow Design flow (gpm)® Saturation index for calcite precipitation as equilibrium  SI_CaCO3
Mix fraction Mix Fraction phase
Water temperature, Celsius Temp (C) Saturation index for siderite precipitation as equilibrium  SI_FeCO3
Specific conductance at 25°C SC (uS/cm) phase
Dissolved oxygen DO (mg/L) Saturation index for Fe(OH)3 precipitation as SI_Fe(OH)3
pH pH equilibrium phase; see Table 52
Acidity Acidity (mg/L) Saturation index for schwertmannite precipitation as SI_Schwertmannite
Net acidity, calculated Estimate NetAcidity equilibrium phase; see Table 52
Alkalinity Alk (mg/L) Saturation index for AI(OH)3 precipitation as SI_Al(OH)3

Total inorganic carbon

Total inorganic carbon, calculated
Total iron

Ferrous iron

Ferrous iron, calculated
Aluminum

Manganese

Sulfate

Chloride

Calcium

Magnesium

Sodium

Potassium

Silicon

Nitrate

Total dissolved solids

Dissolved organic carbon

Humate

Hydrogen peroxide, calculated (after conservative
mixing of A and B)

TIC (mg/L as C)
Estimate TIC

Fe (mg/L)

Fe2 (mg/L)
Estimate Fe2

Al (mg/L)

Mn (mg/L)

SO4 (mg/L)

Cl (mg/L)

Ca (mg/L)

Mg (mg/L)

Na (mg/L)

K (mg/L)

Si (mg/L)

NO3N (mg/L)

TDS (mg/L)

DOC (mg/L as C)
Humate (mg/L as C)
Estimate H202.mol/L

Kinetic adjustment factor (multiplied by rate constant)
applied equally to all steps of ParallelTreatment or
TreatTrainMix2 tools

Factor kCO2, multiplied by CO2 outgassing rate factr.kCO2
constant (kLaCO2)
Factor kO2, multiplied by CO2 outgassing rate constant  factr.kO2
to estimate O2 ingassing rate constant
Factor kFeHOM, multiplied by homogeneous Fe2 factr. kFeHOM
oxidation rate constant
Factor kFeHET, multiplied by heterogeneous Fe2 factr.kFeHET
oxidation rate constant
Factor kFelIMnOx, multiplied by heterogeneous Fe2 factr. kFelIMnOx
oxidation rate constant
Factor kbact, multiplied by microbial rate constant factr.kbact
(assumes Fe oxidizing bacteria MPN = 5.3e11 cells/L)
Factor kFeNO3, multiplied by homogeneous Fe2 factr.kFeNO3
oxidation rate constant
Factor kMnHOM, multiplied by homogeneous Mn2 factr. kMnHOM
oxidation rate constant
Factor kMnHFO, multiplied by heterogeneous Mn2 HFO  factr.kMnHFO
oxidation rate constant
Factor kMnHMO, multiplied by heterogeneous factr.kMnHMO
Mn2_HMO oxidation rate constant
Factor kSHFO, multiplied by Felll reduction-sulfide factr. kSHFO
oxidation rate constant
Factor kSOC, multiplied by sedimentary organic carbon  factr.kSOC
oxidation rate constant
Factor kDOC, multiplied by dissolved organic carbon factr.kDOC
oxidation rate constant
Factor kH202, peroxide Fe2 oxidation rate constant factr.kFeH202
Exponential factor for calcite dissolution rate model EXPcc

Kinetic adjustment and equilibrium variables used in
CausticTitration tool
Time, in seconds, for pre-aeration step Time0
kCO2, CO2 mass-transfer rate for pre-aeration step; see kLaCO2.1/s

Table S6

Steady-state log PCO2, used with kCO2 in CO2 mass-
transfer rate expression

Concentration of caustic soda (NaOH) solution in weight
percent

Steady-state logPCO2

NaOH wt%soln

equilibrium phase; see Table 52

Saturation index for basaluminite precipitation as
equilibrium phase; see Table 52

Kinetic adjustment factor applied differently to each
step of ParallelTreatment or TreatTrainMix2 tools, i =
(1:11)

SI_Basaluminite

Target pH specified for caustic addition at steps 1-5 ->pH

Hours total for step (1:11) Time.hrs
Water temperature at end of step (1:11) Temp2.C
Hydrogen peroxide at beginning of step (1:11) H202.mol
kCO2, CO2 mass-transfer rate at beginning of step kLaCO2.1/s
(1:11); see Table S6

Steady-state log PCO2, used with kCO2 in CO2 mass- Lg(PCO2.atm)

transfer rate expression for each step (1:11)

Calcite unit surface area at beginning of step (1:11); see SAcc.cm2/mol

Table S7

Calcite mass fraction in limestone at beginning of step M/MOcc
(1:11)

Sedimentary organic carbon mass at beginning of step SOC.mol
(1:11)

Sorbent mass at beginning of step (1:11) HMeO.mg
Sorbent content as percent iron at beginning of step Fe%
(1:11)

Sorbent content as percent manganese at beginning of Mn%
step (1:11)

Sorbent content as percent aluminum at beginning of Al%
step (1:11)

Description of step (1:11) Description

@ Input values for two different solutions, A and B, may be entered. Suffix “B"
applies to variable names for solution B.

outgassing and O ingassing:
d[Cl/dt = -k ca-K¢-(Pe — Peg) = -kp,ca-([C] - [Cls) @

where C is either CO, or O,, [C] is the molar concentration of the dis-
solved gas, ki,ca is the mass-transfer coefficient in units of inverse time,
K¢ is the temperature-adjusted Henry’s Law solubility constant, P is the
gas partial pressure, and Pcg is the steady-state partial-pressure value at
equilibrium with the ambient atmosphere ([Cls = Kc x Pcg), typically
assuming Pcogg is 1073* atm and Poog is 107%%7 atm. The gas mass-
transfer rate is adjusted for variations in temperature relative to a
reference temperature of 20 °C (Dempsey et al., 2001; Rathbun, 1998).

kp,car = kp.ca-(1.0241)T2° @)

where T is degrees Celsius.

For generalized application of the gas-exchange kinetics, empirical
data were collected on the rates of O, ingassing and CO, outgassing
during an aeration experiment at one AMD site described by Cravotta
(2015) and at several active or passive treatment AMD sites in Penn-
sylvania that employed various aeration or other treatment technologies
(Means et al., 2015; this paper). Values for ki coy and ki 0, were esti-
mated from the linear slope of Ln(Cy-Cs)/(C-Cg)] versus t, where t is
elapsed time during the aeration experiment or travel time between
measurement points. For aeration cascades and ditches, travel time for
intentionally dislodged HMeO sediment was measured for the distance
traveled. For a pond, wetland, or limestone bed, the travel time
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(residence time) was computed by dividing the estimated water volume
by the measured flow rate on the date of sampling. No attempt was made
to explicitly consider the effects of water depth, wind, and other hy-
drodynamic parameters on the gas exchange rates or solute transport (e.
g. Rathbun, 1998; Zappa et al., 2003). The empirical values corrected to
20 °C for ky,co2 ranged from 0.000001 s 1t00.05s ! (Table S6); values
of ki,02 were a factor of approximately 2.1 times those of ki,coz on
average, which corresponds to a ki, coa: ki, 02 ratio of 0.48 and indicates
CO4, outgassing is approximately half the rate of O ingassing. Dempsey
et al. (2001) reported ki, co: ki, 0 ratios for passive mine water treat-
ment ponds and channels they investigated ranged from 0.30 to 0.65.

2.1.2. Kinetics of iron oxidation

The iron oxidation rate models directly consider the effects of pH and
concentrations of dissolved oxygen (DO), nitrate, and aqueous Fe?*
(homogeneous oxidation) plus catalysis by adsorption of Fe?>* to HFO
and HMO surfaces (heterogeneous oxidation) and/or microbial activity
(biotic oxidation).

The homogeneous Fe! oxidation rate law of Stumm and Lee (1961),
expressed in terms of [O2] and {H'} (=107PH) by Stumm and Morgan
(1996, p. 683-685), describes the abiotic oxidation of aqueous Fe?*:

d[Fe'/dt = -kuom-[02]-{H} 72 [Fe? "] 3)

where { } indicates aqueous activity, [ ] indicates aqueous concentration
in mol/L, and at pH 5 to 8 and 20 °C, the homogeneous rate constant
kuom = 5.0 (£1.56) x 107" mol L7 571 (Singer and Stumm, 1970;
Stumm and Morgan, 1996). The uncertainty range corresponds to 0.7 to
1.3 times the reported reference value of kyoy. Oxidation of Fell by
nitrate [NO3 ], which has been reported to be one-fourth the rate by [O3]
(Appelo and Postma, 2005), was computed by replacing [O2] in Eq. (3)
with 0.25 x [NO3]. The homogeneous Fe!! oxidation rate model, shown
as Eq. (3), is commonly expressed in terms of Poy and {OH™ }:

d[Fe/dt = -kuom.on-Por-{OH™ )% [Fe"] Q)

with a corresponding rate constant of 1.33 x 10'? (mol/L) 2 atm ™! s7*

(= ky-Koo/Kw?) at 20 °C, which includes factors for the hydrolysis of
water (Kw = 10714168 _ {OH }-{H™}) and the Henry’s Law constant for
O3 solubility in water (Ko = 107285 = [0,]/Po, adjusted from 25 °C to
20 °C using polynomial expressions in phreeqc.dat and phreeqcAMD-
Treat.dat). The rate expressions given in Egs. (3) and (4) are inter-
changeable in PHREEQC and provide the same results, provided the
relevant rate constants and the temperature corrections for Kw and Koy
are applied.

By using the reported activation energy of 96.2 kJ mol ! (23 kcal
mol_l) for Eq. (3) (Stumm and Morgan, 1996, p. 684) with the Arrhenius
equation (Appelo and Postma, 2005), the rate constant is automatically
adjusted in the PHREEQ-N-AMDTreat model from the reference tem-
perature to lower or higher temperatures:

knom-T2 = knom-t1 / exp{E, /(R)-(1/TK; - 1/TK})} ()

where TK; is the reference temperature of 20 °C expressed in absolute
temperature (degrees Kelvin, 293.15 K), TKj is the modeled tempera-
ture, kyom.2 is the temperature-adjusted value of the rate constant,
kuom.11 is the reference value of the rate constant, E, is the activation
energy, and R is the ideal gas constant.

The heterogeneous oxidation rate model for Fe'! is expressed in terms
of the concentrations of adsorbed Fe'' and dissolved oxygen (Tamura
et al., 1976):

d[Fe"ads]/dt = -kypr-[05]-[Fellads] 6)

where the rate constant kygr has a value of 73 (mol/L) 'sat25°Cand
the activation energy is 179 kJ mol™! (Dempsey et al., 2001; Sung and
Morgan, 1980). The amount of adsorbed Fe', which is computed as a
function of the pH, explained later, is the sum of Fe' on strong and weak
adsorption sites of HFO (Dzombak et al., 1990) plus analogous x- and
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y-adsorption sites of HMO (Tonkin et al., 2004). Increasing the available
mass of sorbent, for example by recirculating HFO solids or by accu-
mulation of HFO on submerged surfaces, increases the corresponding
surface area and potential for adsorption of the dissolved Fe?* and other
ions at a given pH, with corresponding heterogeneous oxidation (e.g.
Davison and Seed, 1983; Dempsey et al., 2001; Jones et al., 2014; Dietz
and Dempsey, 2017).

Although Eq. (6) does not distinguish between HFO and HMO as the
sorbent, the catalytic oxidation of Fe'l by HMO may, in fact, be coupled
with the reductive dissolution of the sorbent Mn™™V oxide (Postma and
Appelo, 2000). Through this process, Mn?" is released into solution and
HMO is replaced by HFO, with the net result, if any, being a minor
change in the total sorbent and sorbed-Fe!' and a corresponding increase
in dissolved Mn'. The “pyrolusite” reduction rate model in
PHREEQ-N-AMDTreat uses the rate constant, kp of value of 6.98 x 107°
(mol/L)’1 s at 25 °C (Parkhurst and Appelo, 2013; Postma and
Appelo, 2000, Eq. (12)), with the computed mass of HMO as MnOOH
instead of pyrolusite; temperature correction is not applied.

Microbial catalysis of Fe'l oxidation is computed as a function of the
concentration of FeOB (microbes), pH, DO, and temperature. Acido-
philic and neutrophilic FeOB contributions are considered separately.
The acidophilic FeOB rate increases as pH decreases from 5 to 2.8 and
generally exceeds the abiotic Fell oxidation rate at these low pH values
(Kirby et al., 1999; Kirby and Elder-Brady, 1998; Pesic et al., 1989). In
the PHREEQ-N-AMDTreat model, the acidophilic FeOB oxidation rate is
added to the homogeneous rate:

d[Fe"/dt = -kpio'Coacr [Fe*T1-[02]- {HT} )

In Eq. (7) the rate constant kp;, i 5.15 X 107213 mol 2 mg’1 s lat25°C
(given the pre-exponential factor of 1.02 x 1072 and activation energy
of 58,770 J mol ™! reported by Kirby et al., 1999), Cpqyct is the concen-
tration of iron-oxidizing bacteria in mg L™! (dry weight) (Kirby et al.,
1999; Pesic et al., 1989), and other variables are as previously defined.
Because the most-probable number (MPN) method is traditionally used
for enumeration of FeOB (Alexander, 1982; Greenberg et al., 1982), the
MPN value of 5.3 x 10! cells per liter, which equals Cbact of 150 mg
L ' (=MPN x 2.8 x 10710 mg cell_l), is the default, constant value used
in PHREEQ-N-AMDTreat. Increasing the FeOB adjustment factor (factr.
kbact) from the default of 1 implies greater FeOB activity than predicted
by Eq. (7), whereas decreasing this factor to 0 results in the abiotic
homogeneous rate. For rate computations, the same MPN value and
factr.kbact are assumed without distinction for the acidophilic or
neutrophilic FeOB rate models.

Catalysis by neutrophilic FeOB generally involves adsorption of Fe!
by HFO and increases with the amount of HFO-sorbed Fel' (van Beek
et al., 2012). Thus, the neutrophilic FeOB contribution is added to the
heterogeneous rate in the PHREEQ-N-AMDTreat model. The neutro-
philic FeOB rate generally does not exceed the abiotic oxidation rate,
except at optimum pH and DO conditions. Eggerichs et al. (2014)
showed that at optimum conditions of near-neutral pH (6.5-7.5) and
low DO (1.9-2.2 mg L 1), the neutrophilic FeOB rate was approximately
a factor of 20 times the abiotic heterogeneous Fe!' oxidation rate of
Davies and Morgan (1989). Thus, based on the data distributions of
Eggerichs et al. (2014, Figs. 4 and 8 therein), an estimate of the overall
rate contribution by neutrophilic FeOB is obtained herein by combining
adjustment factors for pH and DO.

The combined effects of pH and DO on the neutrophilic FeOB rate are
computed as the product of two rate adjustment factors, which yields a
value of approximately 20 under optimum conditions (e.g. 4.6 x 4.5 =
20.7) that is then multiplied by the temperature-adjusted heterogeneous
rate constant, kygr (Eq. (6)). The neutrophilic FeOB adjustment factor
for pH is:

pH_factor = —1.605(pH)? + 22.383(pH) - 73.351 (8)

at 5.25 < pH < 8.5; the pH_factor is null for pH values outside this range.
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Eq. (8) indicates that the pH rate factor is greatest, ~4.6, at pH 6.8 to
7.2. The neutrophilic FeOB adjustment factor for DO is:

DO_factor = 4.22 x 10'2[0,]°~1.59 x 10°[0,]* + 1.50 x 10°[0,] + 0.282
©)

at [02] < 1.9 x 1074 mol L™! (6.1 mg L™Y; the DO factor is 0.3 for
greater DO values. Eq. (9) indicates the greatest DO factor, ~4.5, at [O2]
0f 6.0 x 10" mol L™* (1.9mg L_l) t06.9 x 107> mol L™* (2.2mg L_l).

In addition to the above models for Fe!! oxidation by oxygen or ni-
trate, an additional kinetic expression for the oxidation of Fe' by
hydrogen peroxide (H203) is included in the PHREEQ-N-AMDTreat
model. The rate expression is first order with respect to molar concen-
trations of HyO and total aqueous Fe!! (Hardwick, 1957; Millero et al.,
1987; Millero and Sontolongo, 1989):

d[H20,)/dt = ko2 [H20,] [Fe™] 10

The total [Fe''] oxidized is computed as 0.5 x [H202] on the basis of the
following stoichiometry:

Fe?* + 0.5 H,0, + HY = Fe*t + H,0 1n

Empirical tests on near-neutral mine drainage indicate that upon the
addition of Hy0,, Fe'l oxidation and subsequent Fe'' hydrolysis are
practically instantaneous, occurring within seconds, while Mn" is un-
affected (Cole et al., 1977; Burrows et al., 2017; Cravotta, 2015; Means
et al., 2013). Although Mn" is not oxidized by Hy05 (Sato, 1960), HyOx
can oxidize dissolved sulfide and organic carbon (Hoffman, 1977;
Millero and Sotolongo, 1989). PHREEQ-N-AMDTreat computes the
quantity of [H2O2] needed to oxidize only the aqueous concentration of
Fe!l on the basis of the stoichiometry of Eq. (11); this computed value
may be deficient for actual treatment where sulfide and/or organic
carbon compounds are present in the water or where the pH is very low.

Millero and Sontolongo (1989) reported the rate constant for Eq.
(10) increases dramatically with pH from 3.5 to 8.5 but is independent
of pH at values less than 3.5. The value of kyso2 as a function of pH is
estimated herein using a linear regression equation for log(k) versus pH
for freshwater at 5 °C based on Figure 13 of Millero and Sotolongo
(1989):

log k 102 = 0.72 pH —1.02 12)

The corresponding rate constant is automatically adjusted to higher or
lower temperature using the Arrhenius equation with an activation en-
ergy of 56 kJ mol ! (Millero and Sotolongo 1989). Eq. (12) yields values
of kg202 at 5 °C of 109,650 (mol/L) ~* s~! at pH 7 and 31.6 (mol/L) ~!
slat pH < 3.5. The latter value corrected to 20 °C is 109.2 (mol/L) -1
s~1, which is similar in magnitude to the rate of 42.6 (mol/L) 1571 for
dilute sulfuric acid solution at 20 °C reported by Hardwick (1957).

2.1.3. Kinetics of manganese oxidation

The oxidation rate models for Mn" in PHREEQ-N-AMDTreat consider
homogeneous and heterogeneous contributions such as those for Fell;
however, the applicable Mn" oxidation rate expressions do not explicitly
consider biological catalysis. The kinetics equation for the homogeneous
Mn" oxidation rate law is adopted from Davies and Morgan (1989) with
Po,:

dMn")/dt = k{mn-Poo- {OH}20-[Mn?H] (13)

Davies and Morgan (1989) reported the rate model for Poy-of 1 atm with
the rate constant kqp, value of 2.08 x 1072 (mol/L) 250 s~ atm ! at 25
°C and activation energy of 272 kJ mol}; they used the homogeneous
rate model given in Eq. (13) to correct the rate constant values for the
much faster heterogeneous Mn"! oxidation rate.

The heterogeneous Mn' oxidation rate model incorporates pH-
dependent adsorption of Mn?* by HFO (Davies and Morgan, 1989)
and/or HMO (Morgan, 2005):
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d[Mn"ads]/dt = - koppn-Poy-[Mnads] 14
where the rate constant koy, has a value of 2.1 x 10™*s™! atm ™! and the
activation energy is approximately 100 kJ mol ! as reported by Davies
and Morgan (1989). The amount of adsorbed Mn" ~(MnHads), which is
computed in PHREEQ-N-AMDTreat as a function of the pH and the
composition and mass of sorbent, is the sum of that sorbed on strong and
weak sites of HFO (Dzombak and Morel, 1990) and on analogous x- and
y-adsorption sites of HMO (Tonkin et al., 2004). The default Mn"-HMO
heterogeneous oxidation rate constant is estimated as 0.5 that reported
for Mn" on HFO by Davies and Morgan (1989). This Mn"-HMO rate
estimate accounts for the spontaneous disproportionation of MnOOH to
yield 0.5 MnO; and 0.5 aqueous Mn" (Bricker, 1965). Despite the slower
heterogeneous oxidation rate for Mn'"HMO, half of that for Mn"-HFO,
Mn" adsorption on HMO greatly exceeds that by HFO of equivalent mass
at moderately acidic to near-neutral pH (see Tables S3 and S4).
Increasing the available surface area of HFO or HMO, for example by
accumulation of HMO coatings on limestone particles in a Mn-removal
bed (e.g. Means and Rose, 2005), increases potential for attenuation of
dissolved Mn at a given pH. Eventually, the adsorbed Mn may oxidize in
place, adding to the HMO sorbent. Although microbial catalysis is not
modeled explicitly, increasing the available HFO and/or HMO surface
area (mass of sorbent) or increasing the respective multiplication factors
for the heterogeneous Mn' oxidation rate (factr.kMnHFO, factr.
kMnHMO) may be applied to account for the enhanced biological
catalysis of Mn oxidation in passive AMD treatment (Cravotta and Tra-
han, 1999; Means and Rose, 2005; Robbins et al., 1999b; Santelli et al.,
2010; Tan et al., 2010; Vail and Riley, 2000).

2.1.4. Kinetics of limestone dissolution

The calcite dissolution kinetics model in PHREEQ-N-AMDTreat is
adapted from the oft-cited Plummer, Wigley, and Parkhurst (“PWP”)
calcite-dissolution rate model, which considers pH, partial pressure of
CO., and proximity of solution to calcite equilibrium (Plummer et al.,
1978). The PWP model indicates the rate of calcite dissolution is a
function of three dissolution reactions (forward; ki, ko ks) and the
precipitation reaction (backward; ky).

r = (ky-ap+ + Ko-apocos+ + K3-amo) - Ka-acaz+-aHcos- (15)

At equilibrium, the backward and combined forward reactions occur at
an equal rate. For the above expression, Plummer et al. (1978) reported
the forward rate constants in millimoles calcite per centimeter squared
per second (mmol cm 2 s’l) as a function of temperature (T, in K):

log k; = 0.198-444 / T; (16)
log ky = 2.84-2177/ T; an

log k3 = —5.86 =317 /T for T < 298; log k3 = —1.10-1737 / T for T > 298
(18)

Appelo et al. (1998) and Appelo and Postma (2005) adapted the PWP
model to consider physical characteristics of the system as well as so-
lution chemistry:

Recc=k-(A/V)-(1-Q)" (19)

where A is calcite surface area, V is volume of solution, Q is saturation
ratio (IAP/K = IOSI“; where Slcc is the saturation index for calcite) and
n is an empirical coefficient (typically set to 0.67) that accounts for
variations in particle shape. For the PWP model applied to 1-L solution,
the overall rate of calcite dissolution becomes:

Ree = (ki-ans + ko-amcos+ + ks-amo) - (A) - (1-10" * 519) (20)

Generally, the dissolution rate increases with increased values of A
(decreased particle size) and/or decreased values of Slcc (distance from
equilibrium). For the PHREEQ-N-AMDTreat model, limestone particle
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surface area and corresponding particle volume are estimated for stan-
dard dimensions of various aggregate sizes assuming an ellipsoid shape
(e.g. Cravotta et al., 2008; Pennsylvania Department of Environmental
Protection, 2012; Santomartino and Webb, 2007). Using the same
dimension and shape information, the approximate volume and mass of
HMeO surface coating per liter of water in a limestone bed (void vol-
ume) can be estimated given the thickness and density of the coating and
the porosity of the limestone bed. Table S7 in the supplementary data is
provided for the computations of limestone particle surface area and
coating thickness.

Although the rate model does not consider the effects of hydrody-
namics or surface coatings on limestone dissolution (e.g. Cravotta,
2008c; Huminicki and Rimstidt, 2008; Palomino-Ore et al., 2019; Rose,
1999; Santomartino and Webb, 2007), the model includes an adjustment
factor, M/My, that can account for inefficiency of dissolution or impurity
of the limestone (Tables 1 and S1). A value of 1 for M/Mycc implies
efficient dissolution of pure calcite; values less than 1 indicate decreased
availability of CaCOj for reaction. Likewise, the M/Mycc factor can be
used to define the mass fraction of limestone in a mixture with organic
matter. For example, a value of 0.25 for M/M¢c indicates the compost
mix contains 25% limestone, with the remainder being solid organic
carbon (examples are given in Results and Discussion and in supple-
mentary data).

2.1.5. Organic carbon oxidation

Solid organic matter and dissolved organic carbon are essential mi-
crobial substrates in bioreactors, anaerobic wetlands, and reducing and
alkalinity producing systems. The compositions of organic materials
used in such systems vary widely, but frequently include compost mix-
tures containing 20-25% dispersed limestone fines, bivalve shells, or
other calcareous material. Dissolution of the calcareous materials within
the compost layer helps (1) to maintain a pH environment favorable to
biological sulfate reduction (McCauley et al., 2009; Neculita et al., 2011;
Reeder et al., 2010) and (2) to facilitate the precipitation of HAO and
HFO solids within the organic-rich layer (Carballo et al., 2011; Rose,
2004; Skousen et al., 2017; Thomas and Romanek, 2002a, 2002b).

Solid organic carbon (SOC) of the compost mixture, represented as
CH30, may be oxidized by aqueous oxygen, nitrate, and/or sulfate:

CH,0 + Oy = COz + HyO 21
CH,0 + 0.8NOj3 + 0.8H" = CO, + 0.4N, + 1.4 H,0 (22)
CH,0+0.550% + H" = CO, + 0.5H,S (23)

Considering the above reactions, the overall rate model for solid
organic carbon oxidation is:

d[SOC/dt = - ksoc-[SOC]-Rox (24)

where [SOC] is the concentration (mol/kg), ksoc is the first-order decay
constant with a value of 1.57 x 1072 s, and Rox is the oxidant
multiplier in the form of an additive Monod kinetics expression modified
from Appelo and Postma (2005):

Rox = 1.0[0,]/(2.94 x 107* + [0,]) + 0.01 [NO5]/(1.55 x 10~* + NO3 )
+6.4 x 107°[SO;7] /(1 x 107* + [SO;7]) (arctan(0.42 (pH — 4.75)) + 5)
(25)

The factor 1.0, 0.01, or 6.4 x 10~° in the numerator for the O, NOs3, or
SO?{ contribution, respectively, indicates the maximum rate (s~!) when
multiplied by kgoc. The value in the respective denominators is the half-
saturation constant, Kj /5, which is the concentration (mol LY where
the rate is half the maximum value. The arctan term in Eq. (25) accounts
for the inhibition of sulfate reduction at low pH (Peiffer, 2016).

The Monod parameters in Eq. (25) are empirical values for the
oxidation of natural organic carbon in soils by the specified oxidants
(Eckert and Appelo, 2002). Appelo and Postma (2005) explained that
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the overall oxidation rate may be decreased to account for slower decay
of recalcitrant organic carbon in sedimentary rock aquifers, or
increased, if appropriate. For example, Eckert and Appelo (2002) found
the rate of degradation of dissolved organic carbon (DOC) in a
contaminated aquifer was 107 faster than that for natural organic matter
in soil. Likewise, the rate of oxidation is expected to be higher for
relatively labile SOC sources, such as fresh or composted manure,
compared to  sedimentary  organic = carbon.  Thus, in
PHREEQ-N-AMDTreat, the default adjustment factor for kgoc is set to
100, which results in a value of koc equal to 1.57 x 1077 s7! that is 100
times faster than that for soil organic carbon. The default adjustment
factor for kpoc is set to 1, to reproduce the relatively rapid DOC
degradation rate of Eckert and Appelo (2002).

Degradation of SOC and DOC mainly affects the availability of oxi-
dants in the PHREEQ-N-AMDTreat model; aqueous and surface
complexation by the uncharacterized SOC and DOC are not considered.
Although concentrations of DOC are not routinely measured for AMD
samples, untreated AMD may contain ~1 mg L™* (0.5-3.2 mg L™}) of
uncharacterized DOC (Cravotta and Brady, 2015), which could decrease
or increase through a treatment system depending on microbial CH,O
degradation rates and input from algae, aquatic plants, and leaf litter.
Humate is included in the PHREEQ-N-AMDTreat model as a surrogate
for natural organic matter (NOM) and other uncharacterized aqueous
components of DOC that have varying capacities to form metal-organic
complexes. As reported by Burteé et al. (2019), aqueous complexation of
Fel and Fe'™ by humate has the potential effect of decreasing the activity
(availability) of Fe®** and slowing the rate of Fe'l oxidation. The con-
centration of humate specified for influent is assumed to be
non-degradable; the initial concentration of humate is assumed to be
10% of the initial concentration of DOC unless a non-zero value for
humate is specified.

2.1.6. Reduction of Fe' and oxidation of sulfide

In a reducing and alkalinity producing system, also known as a
vertical flow wetland (VFW) or vertical flow pond (VFP), water trans-
ports solutes down through the organic-rich layer before reaching the
underlying bed of limestone aggregate (Rose, 2004; Skousen et al., 2017;
Watzlaf et al., 2000, 2004). Reduction of solid or aqueous Fe' to Fell
within the anoxic organic-rich layer of the VFP decreases potential for
HFO accumulation within the underlying limestone bed, which other-
wise could coat limestone particles or decrease porosity and flow
through the bed. In the PHREEQ-N-AMDTreat model, the reductive
dissolution of HFO by surface-adsorbed sulfide is included as the rele-
vant kinetic process for the conversion of Fe' to Fe!' (dos Santos Alfonso
and Stumm, 1992; Peiffer et al., 1992; Poulton, 2003). The rate of Fell
reduction coupled with the oxidation of adsorbed sulfide is faster than
that for the microbial reduction of Fel oxyhydroxides coupled with
organic carbon oxidation (e.g. Bonneville et al., 2009; Lovley et al.,
1991). In the model, aqueous sulfide, which is produced by sulfate
reduction coupled with organic carbon oxidation (Eq. (23)), may adsorb
to HFO, if present, or precipitate as mackinawite (FeS). The concentra-
tions of HFO-adsorbed sulfide species on weak and strong sorption sites
(HFO_wOH and HFO_sOH, respectively) are computed as a function of
pH (Peiffer et al., 1992; Poulton, 2003):

HFO_wOH + HS™ = HFO_wS™ + H,0 (log K = 5.3) (26)
HFO_wOH + HS™ + H" = HFO_wHS + H,0 (log K = 10.82) 27)
HFO_wHS = HFO_wS™ + H" (log K = —5.5) (28)

The adsorbed sulfide then chemically reduces solid Fe' to aqueous
Fel, which is represented by the rate model below, adapted from dos
Santos Alfonso and Stumm (1992):

d[HS™)/dt = - (ke1-[HFO_WS ] + kep-[HFO_wWHS]) / Agro (29)

where the rate constant ke is 30 m?h! (8.33 x 103 m? s~ 1) for the
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oxidation of HS™ on the neutral surface (HFO_ wS™) (mol L’l), the rate
constant kep is 400 m2 h™! (1.11 x 107! m?s~?) for the oxidation of HS~
on the protonated surface (HFO_wHS) (mol L’l), and Aggo is the surface
area of HFO per liter of solution (m2 L’l). Peiffer et al. (1992) reported
the rate of oxidation of adsorbed sulfide is approximately 15 times faster
than the rate of Fe!' dissolution. Thus, [Fe'] released is computed as
1/15 (0.0667) of total [H,S] oxidized.

2.2. Adsorption by hydrous metal oxides

The PHREEQ-N-AMDTreat model accounts for surface-catalyzed
oxidation kinetics as functions of adsorbed Fe?* and Mn?* on HFO
and HMO surfaces (e.g. Chen and Thompson, 2018; Davies and Morgan,
1989; Stumm and Morgan, 1996; Tamura et al., 1976) and HS” on HFO
(dos Santos Alfonso and Stumm, 1992; Peiffer et al., 1992; Poulton,
2003). Thus, surface-complexation equilibria for cations and anions are
included in phreeqcAMDTreat.dat (Tables S3 and S4) to model the po-
tential interactions among Fe?*, Mn?*, and other aqueous ions with
HMeO surfaces. The inclusion of a broad array of surface speciation
reactions is important to indicate potential competition among major
and trace ions for available surface sites. The PHREEQ-N-AMDTreat
model does not consider sorption of Fe>* and Mn>* or the oxidation
of Mn®". Instead, the concentrations of Fe>" and Mn>" are controlled
only by their kinetic production and the consequent precipitation of
amorphous Fe(OH)3 or schwertmannite and MnOOH. In addition to all
the published HFO, HMO, and HAO equilibrium equations and associ-
ated binding constants from the primary works, equilibrium expressions
for the adsorption of Fe2* by HFO (Appelo et al., 2002), AI*" by HFO
(Burrows et al., 2017; Hiemstra and van Riemsdijk, 2007), HS™ by HFO
(Peiffer et al., 1992; Poulton, 2003), and Fe?t by HMO (computed from
reported linear free energy (LFER) relations reported by Tonkin et al.,
2004) also are included in phreeqcAMDTreat.dat. Other potential min-
eral sorbents, including various oxides, carbonates, or clay minerals or
solid organic matter, which are considered with the Windermere Humic
Aqueous Model (Lofts and Tipping, 1998; Tipping et al., 2011) and Vi-
sual MINTEQ (Gustafsson, 2013) equilibrium models, were not included
in the PHREEQ-N-AMDTreat model.

The adsorption expressions for HFO and HMO employ the diffuse
double-layer concept, which considers a monoprotic sorbent with a
small number of strong binding sites and a larger number of weak
binding sites (Appelo and Postma, 2005; Dzombak and Morel, 1990;
Tonkin et al., 2004; Parkhurst and Appelo, 2013). A single binding site is
considered for monoprotic HAO (Karamalidis and Dzombak, 2010).
Instead of goethite (FeOOH), birnessite (MnO5), and gibbsite (AlI(OH)3),
for which the original binding constants were developed, the
PHREEQ-N-AMDTreat model defines amorphous ferric hydroxide (Fe
(OH)3), manganite (MnOOH), and amorphous AI(OH)s; as the HFO,
HMO, and HAO phases, respectively, which are presumed to have the
same number of sorption sites per mole and unit surface areas as the
original solids, but have different molar mass. In aqueous systems where
pH and other conditions change rapidly, the modeled sorbent com-
pounds tend to precipitate readily upon reaching equilibrium (satura-
tion), removing Fe>*, Mn®*, and AI** from solution and forming fresh
surface coatings (e.g. Bigham and Nordstrom, 2000; Chen and Thomp-
son, 2018). For example, Nordstrom (2020) modeled effects of varia-
tions in solubility of Fe" and Al phases on the attenuation of the
dissolved metals in neutralized AMD and concluded that precipitation of
amorphous Fe' and Al compounds controlled the aqueous concentra-
tions. Because the modeled sorbents are more soluble than the crystal-
line reference compounds, the default equilibrium condition determined
by the PHREEQ-N-AMDTreat model results in supersaturation with
respect to goethite, birnessite, and/or gibbsite. To consider different
precipitates that may limit Fe or Al concentrations, the
PHREEQ-N-AMDTreat models permit a user to specify the saturation
index at which relevant phases precipitate, which is equivalent to
adjusting the solubility constant (Table S2).
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Total sorbent mass in the PHREEQ-N-AMDTreat model includes
contributions from (1) the precipitation of amorphous Fe(OH)s,
MnOOH, and Al(OH)3 to maintain equilibrium (autocatalytic fraction)
upon reaching saturation, plus (2) an optional specified mass of previ-
ously formed HFO, HMO, and HAO that may be present as surface
coatings (previously accumulated fraction) or suspended particles
(recirculated sludge). For the autocatalytic fraction, the mass of sorbent
will increase to a maximum concentration equal to the initial dissolved
metal concentration, following kinetic oxidation of dissolved Fe?* and
Mn2*. For the specified additional sorbent fraction, the PHREEQ-N-
AMDTreat model requires input on the quantity and composition of
the solids expressed as the metal mass per liter of solution (HMeO.mg, Fe
%, Mn%, Al%). The model uses these input data with literature values
for specific surface area, site densities, and formula weights for the
respective sorbents (Table S3) to compute the moles of combined
autocatalytic and previously formed sorption sites on HFO, HMO, and
HAO for surface-speciation computations.

Surface-equilibrium computations consider the mass of sorbent plus
the effects of protons and complexing ligands on the surface charge and
the consequent distribution of surface and aqueous species. For example,
the distribution of aqueous and adsorbed Fe?* on HFO is determined by
the pH and the availability of sorbent with corresponding equilibrium
expressions:

HFO_sOH + Fe’* = HFO_sOFe™ + H* (30)
HFO_wOH + Fe’* = HFO_wOFe™ + H* 31)
HFO_wOH + Fe** + H,0 = HFO_wOFeOH + 2H* (32)

where HFO_s indicates strong sites, and HFO_w indicates weak sites,
consistent with Eqs. 26-28. The binding constant for Eq. (30) is 107095
(Appelo et al., 2002) and those for Egs. (31) and (32) are 1029 and
1071155, respectively (Liger et al., 1999; Parkhurst and Appelo, 2013).
Although the equilibrium constants to compute activities of aqueous
species are corrected for temperature, the binding constants for HFO,
HMO, and HAO used in the PHREEQ-N-AMDTreat models are not
adjusted for temperature variations.

2.3. Empirical data for model development and calibration

Available data from case studies were used to develop and calibrate
simulations using the PHREEQ-N-AMDTreat models. The empirical data
had been collected during prior studies to evaluate the attenuation of
AMD contaminants (e.g. Ashby, 2017; Burrows et al., 2017; Cravotta,
2015; Cravotta and Brady, 2015; Cravotta and Trahan, 1999; Cravotta
et al., 2014; R. Beam, 2020, Pennsylvania Department of Environmental
Protection, written commun.). In general, grab samples representing
increased reaction time or travel time were collected at points along
flow paths in locations where flow was concentrated; integrated depth
or width sampling was not attempted. Water temperature, SC, DO, redox
potential (Eh), pH, and alkalinity were measured in the field.
Field-filtered (0.20 or 0.45-pm) samples were analyzed in the laboratory
for dissolved concentrations of major and trace elements. In a few in-
stances, travel times between sample points were measured directly, in
order to estimate the CO; outgassing rate for aeration steps (Eq. (1)).
However, in most cases, travel times or retention times corresponding to
the empirical data were computed later using volume estimated from
engineering designs divided by the inflow or outflow rate on the date of
sampling. Given the retention time for a treatment step (which ranged
from seconds to days), other variables in the model, such as CO, out-
gassing rate, limestone particle size, and/or sorbent mass and compo-
sition, were adjusted to “calibrate” simulation results to measured
water-quality values. Model fit was visually evaluated for multiple
variables including pH, Pcog, Po,, and concentrations of Fe, Al, Mn, SO,
and other solutes and was considered acceptable if simulation results
were within a factor of ~2 of most measured values (which commonly
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varied over an order of magnitude to the end of a flow path).

3. Results and Discussion—Simulation of observed changes in
chemistry of AMD

Input variable values and model results for the three complementary
PHREEQ-N-AMDTreat tools (CausticTitration, ParallelTreatment, and
TreatTrainMix2) are presented below and in supplementary data for
multiple case studies. The simulation results are compared to empirical
observations in order to calibrate and “validate” the PHREEQ-N-
AMDTreat models. Subsequently, the models are used to evaluate po-
tential water-quality effects from different hypothetical treatment
strategies.

3.1. Caustic titration case

The “CausticTitration” tool simulates the incremental addition of a
caustic chemical (NaOH, Ca(OH),, CaO, or Na;CO3) to net-acidic or net-
alkaline AMD (Fig. 1). The results include the quantity of the selected
caustic titrant required to increase pH by 0.25 unit up to 11.0; the
concentrations of dissolved Fe, Mn, Al, and other solutes plus net acidity,
total dissolved solids (TDS), and SC; the mass of solids precipitated; and
saturation indices for relevant solid phases. Although caustic agents may
be added without prior treatment steps, aeration of AMD to outgas COy

Select Workspace
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before the addition of caustic chemicals has been reported to decrease
chemical usage, sludge volume, and treatment costs (Jageman et al.,
1988; Means et al., 2015). Thus, the PHREEQ-N-AMDTreat caustic
titration model was expanded from the equilibrium titration tool in
AMDTreat 5.0 (Cravotta et al., 2015) to include the option for
pre-aeration (“decarbonation”) before addition of caustic chemicals. For
the no-aeration and equilibrium-aeration options, all reactions are
assumed instantaneous equilibrium processes, whereas for the
pre-aeration simulation, COy outgassing, O ingassing, and redox re-
actions are simulated as kinetics processes.

Figs. 1 and 2 show input data and simulation results for caustic
titration of the St. Michael AMD with CaO (pebble quick lime) consid-
ering scenarios without aeration and with pre-aeration. According to
data collected August 2020 (R. Beam, 2020, Pennsylvania Department
of Environmental Protection, written commun.), the St. Michael AMD is
characterized as a large volume (19,684 L min’l, 5200 gal minfl),
anoxic, net-acidic coal-mine discharge (net acidity 223 mg L' as
CaCOs; alkalinity 50.8 mg L™! as CaCO3) that has pH 5.7 with elevated
concentrations of dissolved CO5 (Pcoy 10719 atm) and Fe' (148 mg L™H
and lower concentrations of Mn' (3.6 mg LY and Al (0.34 mg L.
Cravotta (2008a) reported similar composition of the AMD in 1999. In
2014, Means et al. (2015) evaluated the potential benefits of
pre-aeration to outgas CO, before addition of lime to the AMD: The
original lime treatment plant, which began operations in 2013, was

C:\Users\cravotta\Documents\AMDTreat_geochem_data\StMichaels

SOl St Caustic Chemical Treatment Type
Design flow (gpm) 5200 0 ~
P . (O Hydrated Lime, Ca(OH)2
Mix fraction 1 0
(® Pebble Quick Lime, Ca0
Temp (C) 154 0.01 - )
O Caustic Soda. NaOH |20 v| wt%soln
SC (uS/cm) 1923 0 O Soda Ash, Na2C03
DO (mg/L) 0.01 0.01
pH 5.7 0 O Not Aerated
Acidity (mg/L) |2542 0 (® Pre-Perated TimeSecs |54
Estimate NetAcidty (223 0 kLaC02.1/s |0.05 v
Ak (mg/L) 50.8 0 factrkCO2 1
TIC (mg/L as C) 573 0 factrk02 [21
Estimate TIC 635 0 H202mol 0
Fe (mg/L) 148 [0 Estimate H202mol/L |0.001332
Fe2 mg/L) 148 o [0.0001143 ] 357 [0.0001082 | 50wt
[] Estimate Fe2 o :0 H202 wt% units gal/gal (memo, not used)
Al (mg/L) 0.34 0 factrkFeH202 1
Mn (mg/L) 36 0 (O Aerated to Equilibrium
S04 (mg/L) 1078 0 User Specified "Steady-State" Conditions:
Cl (mg/L) 328 0 34
Steady-state logPCO2 - |
Ca (mg/L) 242 0
Saturation Index Ig(IAP/K) to Precipitate Selected Solids
Mg (mg/L) 88.7 0 ) ) )
Na (mg/L) 278 0 AOH)3 ‘D 0 v Basaluminite ‘3 0 -
0.0 v 1.0 v
K (mg/L) 9.15 0 Fe(OH)3 L Schwertmannite :
CaCo3 03 v A v
S mo/L) 188 0 a FeCO3 or MnCO3 ‘2 5
NO3N (mg/L) 0 0 Generate Titration Output Print PHREEQC Output Report
TDS (mg/L) 0 0 Plot Dis. Metals Plot Ca. Acidty Plot Sat Index Plot PPT Solids
DOC (mg/LasC) 01 0
Humate (mg/L as C) 0.1 0

CausticTitration exe created by C.A. Cravotta lll, U.S. Geological Survey. Version Beta 1.44, November 2020

Fig. 1. User interface (UI) for PHREEQ-N-AMDTreat “CausticTitration” modeling tool. Input values for one initial solution (A) or two solutions (A and B mixture)
may be entered. Data shown are for simulated pre-aeration before caustic addition at the St. Michael AMD, August 2020 (R. Beam, 2020, Pennsylvania Department of
Environmental Protection, written commun.). Selected output results are displayed as a pH matrix in Fig. 2. Detailed descriptions of the model variables are given in
Table S1 of supplementary data. Although solution B has zero flow, non-zero values must always be entered for temperature and dissolved oxygen (DO) and values

for all other parameters must be provided (blanks are not acceptable).
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A. CausticTitration.exe: Not aerated (CaO reacted to achieve pH 8.5 is 675 mg/L as CaCO,)

Caustic

pH S0a00% Fe_mg Fe2_mg Al_mg Mn_mg TDS_mg NetAcidty_mg SoldsPPT_mg €02_mg 02.mg
5.699391 0.000000 145253946 148.184017 0.340583 3606177 1.844.993285 219.160655 0.000000 184 696702 0.000000
0.000000 148.192824 148.184017 0.340589 3606188 1,844.843522 219.051235 0.116997 0.000000
6.000000 36694286 148.189513 148.184989 0.340591 3.606212 1,881.558706 182.288486 0.125192 152974763 0.000000
6.500000 112.570987 148.188619 148.186989 0.1253s52 3.606260 1,956.151328 106.359043 0.753005 87.623936 0.000000
7.000000 171.880310 148.189212 148.188493 0.204352 3.606297 2.016.003903 47.027779 0.526362 37.108986 0.000000
7.500000 304.913856 148.187159 148.186724 0.340595 3.606254 1,955.324734 108.502893 194644240 8.208932 0.000000
8.000000 420.943189 148.184464 148184105 0.340569 3.606190 1,859.127523 204623649 406.792768 0.930037 0.000000
8.500000 8 31.972639 31.972263 0.340599 3.606297 1.671.810545 0.074199 0.000000
9.000000 737.552245 3.319670 3.319187 0.340602 3.606323 1.629.448665 1.378623 753.285879 0.007021 0.000000
9.500000 752 060641 0.379644 0378671 0.340601 3606321 1629.762183 7.720410 763.426508 0.000694 0.000000
10.000000 767.704290 0.055916 0.053479 0.340601 2441687 1,639.455711 -21.535525 767.660752 0.000068 0.000000
10.500000 1,067.563230 0.018483 0.011410 0.340618 0.266277 1,695.835449 -39.623063 935.930409 0.000005 0.000000
11.000000 1,171.884112 0.027497 0.005748 0.055888 0.0347%6 1,729.690739 -65.761207 $87.130878 0.000000 0.000000

B. CausticTitration.exe: Pre-aerated, CO, decreased almost 90% (Ca0 reacted to achieve pH 8.5 is 290 mg/L as CaCO,)
pH gate Fe_mg Fe2_mg A_mg Mn_mg T0S_mg NetAcidty_mg SoidsPPT.mg  CO2mg 02_mg
asCaCO3mg

$.700000 0.000000 148.253944 148.253944 0.340583 3.606177 1.796.954955 218.906769 0.000000 184633994 0.010018
0.000000 148.153294 148.152157 0.131429 3.606182 1.795.523678 218.803412 0.797321 10.215814
6000000 28616060 148.152569 148.151421 0.131434 3.606169 1.766.883972 247.467641 0.000009 42.257085 10.215762
6.500000 -7.568373 148.153121 148.151973 499 3.606183 1.787.899450 226.379052 0.025841 24.223205 10.215800
7.000000 9.055535 148.153108 148.152391 0.131435 3.606193 1.804.585382 209.741323 0.000836 10.263163 10.215829
7.500000 18.349692 148.1529%6 148.152562 0.131435 3.606197 1.813.885563 200442332 0.001376 3.580427 10.215841
8.000000 35.672893 148.152651 148.152292 0.131435 3.606191 1,810.601897 203.719540 20.603783 0.958068 10.215822
8500000 289472888 32288226 32287850 0131439 3606207  1.660.197303 45.284262 0075796 10216122
9.000000 352.483745 3.743785 3.743272 0131440 3.606322 1.626.972166 2424687 368.515322 0.007173 10.216195
9.500000 367.272893 0.673854 0.672881 0.131440 3.606321 1.628.061164 -6.846925 378.974003 0.000709 10.216191
10.000000 383.345079 0.123433 0.122284 0.131440 2431956 1.637.645626 -21.058240 38362817 0.000070 10.216184
10.500000 683.966927 0.020465 0.019316 0.131446 0.264708 1.694.073381 -30.188404 552424752 0.000005 10.216705
11.000000 786.717176 0.007691 0.006542 0.060071 0.034620 1.730.957523 -65.661659 598.666335 0.000000 10.216884

Fig. 2. Matrix output display (cropped and highlighted) for CausticTitration tool. Results are shown for simulated treatment of St. Michael discharge with CaO, (A)
without and (B) with pre-aeration to drive off CO, (input data values are given in Fig. 1). For this example, the dissolved CO, concentration is decreased by 90% and
the caustic requirement to attain a pH 8.5 is decreased by 57% through aggressive aeration for 54 s with a Maelstrom Oxidizer® (ky,coz = 0.05 s~ %) prior to lime
addition. For A and B, CaO reacted to achieve pH 8.5 is 675 mg/L as CaCO3 and 290 mg/L as CaCOs, respectively. Empirical treatment evaluation by Means et al.

(2015) indicated similar results.

retrofitted with a Maelstrom Oxidizer® (plug-flow, coarse-bubble
diffuser), and aggressive aeration was conducted for 46 s prior to the
lime dosing. The pre-aeration step decreased dissolved CO3 from 189
mg L™! to 18 mg L™! and the pebble lime dose from 10.1 tons/day to 3.8
tons/day (63% decrease). Using the water chemistry data from August
2020 and assuming ki, co2 = 0.05 s~L, which is the highest value of
aeration technologies evaluated in this study (Table S6), the
PHREEQ-N-AMDTreat simulations indicate a result consistent with
empirical data—pre-aeration decreased CO; from 185 mg L™ to 18 mg
L~! and decreased the theoretical caustic requirement for treatment to
pH 8.5 by 57%. Additional treatment steps, including recirculation of
solids, which improved performance, are evaluated later in this paper
using the TreatTrainMix2 tool.

An additional caustic titration case study at the Nittanny mine
discharge where NaOH was added to strongly acidic, metal-laden AMD
without aeration is included in the supplementary data (Figs. S1-S3).
The Nittanny treatment case, previously reported by Cravotta et al.
(2015) and Cravotta and Brady (2015), demonstrates consistency among
changes in pH and associated solute concentrations between the
empirical titration measurements and simulation results.

3.2. Paradllel treatment case

The “ParallelTreatment” tool simulates simultaneous treatment of
the same starting water composition and is useful to evaluate effects on
treatment resulting from different values for “system” variables. Rele-
vant variables include temperature, caustic or H,O5 addition, and ki-
netics variables such as COo mass-transfer (outgassing/ingassing) rate,
limestone particle size, and/or sorbent availability. The tool is used
herein to simulate complex interactions among CO, outgassing, pH, Fe'l
oxidation, and the attenuation of associated metals, which were
observed during aeration of net-alkaline AMD at the Oak Hill boreholes
(Burrows et al., 2017; Cravotta, 2015; Henry, 2015). Such vertical
boreholes, installed from a low-elevation surface location into

underlying mine workings to prevent AMD discharging at higher
elevation into buildings and other infrastructure, are a challenge to
remediate because of their anoxic character and proximity to streams (e.
g. Cravotta et al., 2014). The untreated AMD had pH 6.4 with concen-
trations of DO < 0.5 mg L~! and dissolved Fe', Mn", and Al of 19.7, 3.6,
and 0.056 mg L™}, respectively. The side-by-side batch tests, which were
conducted for 5-5.5 h duration, evaluated a control (Aer0), three pro-
gressively higher aeration rates (Aerl, Aer2, Aer3), and an initial dose of
H205 without aeration (Figs. 3 and 4). As explained by Cravotta (2015)
and Burrows et al. (2017), the field experiments demonstrated higher
rates of aeration promoted CO; outgassing, thereby increasing pH and
the rate of Fe! oxidation; the results of field aeration experiments were
consistent with in-stream changes. In contrast, HoO5 added without
aeration instantaneously oxidized Fe'l and caused a precipitous decline
in pH; thereafter pH remained relatively stable and paralleled that of the
control (Fig. 4). The concentrations of dissolved Al, which were initially
at equilibrium with amorphous Al(OH)s, decreased to values below
equilibrium for the HyO, treatment at pH 6.2 and for the aeration
treatments as the pH increased to ~7 and newly formed (autocatalytic)
suspended HFO particles accumulated. Burrows et al. (2017) modeled
the Al trends by adsorption to HFO; the same Al-HFO binding constant is
assumed in phreeqcAMDTreat.dat. Concentrations of Mn" were unaf-
fected by HoO» and decreased slightly with aeration. The trends in Mn
also could be explained by adsorption to suspended HFO particles, with
a higher pH required for binding than that for Al.

The parallel kinetics simulations of the pH, FeH, MnH, Al alkalinity,
DO, Pcoy, and Pos (curves in Fig. 4) generally reproduced the non-linear
trends for the measured values (point symbols in Fig. 4). Note that error
bars (not shown) are approximately twice the size of point symbols
shown in Fig. 4; details are given by Burrows et al. (2017). Except for
adjusting values of ki co, and H,O, for the simulations, default values
were used for all the kinetic parameters. The model results are consistent
with abiotic, homogeneous oxidation of Fe', whereas the attenuation of
a small fraction of the dissolved Mn! concentration is consistent with its
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Fig. 3. UI for PHREEQ-N-AMDTreat “ParallelTreatment” modeling tool exhibiting input values for simulations of batch aeration experiments at the Oak Hill
Boreholes. Results of simulations are shown in Fig. 4; kinetic adjustment parameters and other input variables in the model are described in Tables 1 and S1.

adsorption by suspended particles of HFO (produced by Fe' oxidation)
and, possibly, heterogeneous Mn" oxidation. Although other model
scenarios are not shown, setting the rate adjustment factor to 0 (e.g.
Fig. 3) for FeOB (factr.kbact) or heterogeneous (factr.kHET) contribu-
tions to Fe!l oxidation or homogeneous oxidation of Mn! (factr.
kMnHOM) did not affect simulation results.

An additional case study, using the ParallelTreatment tool for sim-
ulations, is given in supplemental data (Figs. S4 and S5). For that case,
the tool was used to evaluate effects of different limestone particle sizes
and quantities of HMeO sorbent on water quality during AMD treatment
in an oxic limestone drain (OLD) with retention time less than 6 h. As
previously reported by Cravotta and Trahan (1999) and Cravotta and
Watzlaf (2003), influent pH of 3.5 increased to 5.5 within 1.5 h and to
6.5 within 6 h; Fe' and Al precipitated at pH < 5.5 near the inflow while
dissolved Fe' and Mn" were transported relatively conservatively
through the OLD during the first 6 months of operation (<6 mos in
Figs. S4 and S5). After approximately 6 months of operation, HMeO had
accumulated in the downflow part of the OLD where elevated pH (>6)
promoted sorption and coprecipitation of dissolved Mn, Cu, Co, Ni, and
Zn as indicated by decreased concentrations of the metals in effluent and
their enrichment relative to Fe in HMeO suspended solids and coatings
on limestone. Simulation results demonstrate the importance of particle
size on limestone dissolution rate and of HMeO and pH on the attenu-
ation of Mn (Fig. S5).

3.3. Sequential treatment cases

The “TreatTrainMix2” modeling tool, which combines the capabil-
ities of the CausticTitration and ParallelTreatment tools, simulates
progressive changes in water quality resulting from sequential passive or
active treatment steps that typically involve neutralization, oxidation,
and solids precipitation processes. To demonstrate model validity,
empirical data for case studies, where field and laboratory water-quality
measurements were obtained at multiple points through passive and
active treatment systems, are presented with simulation results as a
function of retention time (computed as the void volume of the treat-
ment component divided by the flow rate).
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3.3.1. Passive treatment case

The Pine Forest passive AMD treatment system consists of an anoxic
limestone drain (ALD), oxidation/settling pond, and three aerobic
wetlands, in series, with aeration steps in between (Figs. 5 and 6). The
untreated AMD (690 gal min ™!, 43.5 L.s™1), sampled during winter 2015
(Ashby, 2017), had pH 5.8 with DO < 0.5 mg L' and dissolved con-
centrations of Fe'', Mn', and Al of 14.0, 3.1, and 0.09 mg L’l, respec-
tively. The treated effluent had pH ~7 with Fe and Mn < 2 mg L™1. After
its first year of operation (2006), the ALD began to clog with gelatinous,
Fe-rich precipitate. Although equipped with flushing pipes, manual
activation of flushing was not attempted during the first year.

For the simulated “biofouling” scenario, the FeOB rate factor was
increased from 1 to 2 and a pre-existing (accumulated) sorbent mass
(HMeO.mg) of 116 mg was specified for the ALD (Fig. 5). This sorbent
mass in the ALD is consistent with a 0.5-pum thick coating on the lime-
stone particles (72 c¢m?/mol) in contact with 1 L water volume, assuming
35% bed porosity and sorbent density of 1.25 g/cm® (Table S7). The
assumed bed porosity, which represents partial clogging by accumulated
sludge, is less than values of 42-53% for well-sorted limestone frag-
ments (e.g. Cravotta and Watzlaf, 2003; Cravotta et al., 2008). For
subsequent steps, the specified sorbent mass was only 1-3 mg, repre-
senting suspended particles or coatings on rock or plant surfaces.

The sequential model results for pH, Fe'l, Mn", Al, Pco,, and Po,
shown as a function of the retention time for the biofouling simulation,
generally reproduce the longitudinal trends for measured constituent
values (Fig. 6, red dashed curves). The simulated Fe' concentration
decreased by 30% within the ALD because of microbial oxidation
combined with sorption and heterogeneous oxidation. Despite less mass
of sorbent indicated for wetlands, progressively increased pH and
greater Mn content of sorbent promoted attenuation of dissolved Mn" in
wetlands. Simulation results for a reference scenario (Fig. 6, black
dotted curves) demonstrate abiotic, homogeneous processes are not
adequate to explain observations at the Pine Forest ALD. The reference
simulation uses the same aeration coefficients and retention times as the
biofouling simulation, but the existing sorbent and FeOB rate factor
were set to 0, equivalent to the abiotic homogeneous Fe'' oxidation rate
model. This reference scenario underpredicts removal of Fe, Mn, and Al
in the upper stages of the system where most chemical changes occur
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Fig. 4. Comparison of measured (symbols) and simulated (curves) values for pH, Fell, Mn", Al alkalinity, DO, Pco,, and Po, during batch aeration experiments on
AMD from the Oak Hill Boreholes. Simulations used the ParallelTreatment tool with the same initial water chemistry and default values for kinetic adjustment

factors, and different values for ki, coz and [H20-], given in Fig. 3.

and does not indicate observed Mn" attenuation. Thus, a combination of
abiotic, microbial, and surface processes account for the attenuation of
Fe within the limestone bed. Considering the reference model results,
one may hypothesize that frequent flushing of the limestone bed
immediately after construction may be effective to avoid sludge accu-
mulation and associated biofouling (e.g. Wolfe et al., 2010).

In supplemental data, the TreatTrainMix2 tool is also used to simu-
late effects of passive treatment at the Silver Creek aerobic wetlands
using data collected by Ashby (2017) and Cravotta (this study) under
high-flow (December 2015) and low-flow (August 2016) conditions
(Figs. S8-S11). In addition to data on water temperature, DO, pH,
alkalinity, and solute concentrations used to calibrate these models,
sediment chemistry data at the outflow of each treatment step at the
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Silver Creek system were available to estimate the sorbent composition
(Ashby, 2017). For the Silver Creek models, the CO, outgassing rate (ki,,
coz) and sorbent mass and composition (HMeO.mg, Fe%, Mn%, Al%) at
each step were the only kinetics variables adjusted to achieve a
reasonable match between empirical and simulated values for dynamic
changes in pH, Fe, Mn, Al, and associated solute concentrations.
Shallow, wide aeration cascades and long riprap runs were highly
effective at facilitating gas exchange and rapid increases in pH, followed
by Fe! oxidation in large ponds with long retention times where gas
exchange was limited by minimal advection. Greater mass and/or Mn
content of sorbent increased Fe'l and Mn" attenuation; most Mn was
attenuated in wetlands at later treatment steps.
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Fig. 5. UI for TreatTrainMix2 sequential model exhibiting input values for simulation of water-quality changes through the Pine Forest treatment system, December
2015, which consists of a “biofouled” anoxic limestone drain (ALD), oxidation/settling pond, and three aerobic wetlands, with aeration steps in between. The values
shown represent enhanced FeOB activity (factr.kbact = 2, instead of default value of 1) and a specified sorbent mass of 116 mg in the ALD and smaller sorbent mass
with progressively greater Mn content downstream. Results of simulations are shown in Fig. 6.

3.3.2. Active treatment case

The active treatment of St. Michael AMD, described previously, in-
volves pre-aeration and lime dosing (Fig. 1) plus, importantly, the
recirculation of high-density sludge (9.5 L s}, 150 gal min™!), which
consists of HMeO precipitate and unreacted lime, followed by settling of
solids in a clarifier before discharge. Using August 2020 data on dis-
solved and total concentrations of metals and associated constituents in
the untreated AMD and at points through the treatment process, the
TreatTrainMix2 tool was set up and calibrated to simulate observed
changes in pH, alkalinity, and dissolved metals concentrations (Figs. 7
and 8). During the first simulation step, (1) pre-aeration with the
Maelstrom Oxidizer® for 54 s increased the pH from 5.7 to 6.7 and
decreased aqueous CO3 by 90 percent (as described previously). Next,
the target pH of approximately 8.5 in the mix tank (continuously
receiving slaked lime) was maintained for a duration of ~15 min by the
addition of CaO over three simulation steps to (2) instantaneously
precipitate Fe(OH), and Al(OH)s as equilibrium phases, (3) sorb and
heterogeneously oxidize Fe!' and Mn" with the consequent precipitation
of Fe(OH)3 and MnOOH, and (4) adjust the pH of effluent exiting the
caustic mix tank. Although the clarifier step (5) that followed involved
more than 14 h for settling the solids precipitated during prior steps, the
solute concentrations were relatively unchanged in the clarifier; nearly
all oxidation and precipitation reactions had taken place during the
15 min of retention in prior steps.

The previous examples and others in supplemental data demonstrate
that the PHREEQ-N-AMDTreat water-quality modeling tools can be used
to quantify effects of factors that could increase or decrease the rates of
Fe! oxidation and Fe hydrolysis. Factors that can increase Fe-
attenuation rates include increased temperature, increased pH,
increased availability of sorbent HMeO, and increased FeOB activity.
On the other hand, Rose and Waite (2003) reported that natural
organic-matter-Fe''-complex formation occurs on a similar time scale as
Fel' oxidation, and the formation of stable aqueous complexes
(e.g. Fe'"humate) can decrease Fe!l attenuation. To evaluate potential
effects of NOM complexes on Fe attenuation, initial DOC and humate
values may be adjusted from zero to non-zero values. Effects of other
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variables may also be evaluated by changing their initial values to
represent temporal variability in AMD flow rates, chemistry, and system
characteristics (e.g. Cravotta et al., 2010; 2014; Gammons et al., 2015).

General agreement between simulated and measured values and the
ability to adjust input variables to simulate site-specific conditions
support the use of the PHREEQ-N-AMDTreat modeling tools for the
evaluation of hypothetical AMD treatment strategies. An expansive
supplemental data (section S4) is provided that continues the demon-
stration of the TreatTrainMix2 tool for the conceptual design and pre-
liminary economic assessment of potential passive and active treatment
strategies for AMD. In that section, Figures S12 and S13 show the input
data and output results for passive treatment simulation using the
TreatTrainMix2 tool to evaluate progressive changes in water quality
along the generalized flow sequence through a vertical flow system
containing layers of compost and limestone, followed by an aerobic
pond, wetland, and finally a manganese removal bed, with aeration
steps in between. For the same initial water quality, Figures S14 and S15
show the simulation of active lime treatment, with the “4Caustic?”
check box active for a target pH value of 8.5 at step 3, with Ca(OH); as
the caustic agent. In addition to the water-quality simulations, corre-
sponding system sizing and summary cost estimates are given (Table S8)
for evaluation of the cost-effectiveness of the hypothetical passive and
active treatments.

4. Conclusions

Three complementary user-friendly geochemical models simulate
the treatment of AMD to neutralize acidity and attenuate dissolved
metals. The interactive Ul for each of the PHREEQ-N-AMDTreat tools
facilitates input of initial water chemistry data and adjustment of model
variables while avoiding manual revisions to the variable values within
the linked PHREEQC code. Graphical and tabular output indicates the
changes in pH, solute concentrations, total dissolved solids, and specific
conductance of treated effluent plus the cumulative quantity of precip-
itated solids as a function of retention time or the amount of caustic or
oxidizing agent added. By adjusting chemical dosing or kinetic
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Fig. 6. Comparison of measured (symbols) and simulated (curves) values for pH, Fe'', Mn", Al, Pco,, and Po, during treatment of AMD at the Pine Forest passive
treatment system, December 2015. Simulations used the TreatTrainMix2 sequential model with initial water chemistry, specified values for ki, coza, FeOB rate factor,
and sorbent mass and composition (Fig. 5). The black dotted curves show results for abiotic conditions without specified sorbent. The red dashed curves show results
for enhanced FeOB activity (2X default FeOB rate) and specified sorbent mass in the ALD equivalent to 0.5-pm thick coating on limestone surfaces and smaller sorbent
mass with progressively greater Mn content in downstream wetlands. Simulation results for additional parameters (alkalinity, net acidity, temperature, specific
conductance, accumulated solids, mass of limestone and SOC dissolved, DO, nitrate, DOC, sulfate, and TDS) are included in the supplementary data (Figs. S6-S7). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

variables, the effects of independent or sequential treatment steps that
have different retention time, aeration rate, quantities of reactive solids,
and temperature can be simulated. Interactions among different vari-
ables and corresponding water-quality effects can be readily evaluated.

The model results indicate that effluent quality can be affected by the
interactions of several independent and dependent variables. The key
independent variable is the time specified for kinetic steps; this variable
is essentially the travel time or retention time (volume/flow rate) for
individual treatment steps. For most rate models, increased time
generally results in greater reaction progress. However, forward re-
actions may be limited by atmospheric or solubility equilibrium, with
diminished benefit from increased time for reaction as the system ap-
proaches equilibrium. One of the key dependent variables is pH, which
affects aqueous and surface speciation and the rates of kinetic reactions.
Importantly, the PHREEQ-N-AMDTreat models account for processes
that may increase or decrease the pH. For example, the pH of treated
effluent varies in response to atmospheric exchange (CO3 outgassing),
limestone dissolution, oxidation Fe" and hydrolysis of Fe'', and oxida-
tion of organic carbon and can be modified through the addition of
caustic agents or sorptive capacity. The geochemical models indicate
potential for solids to precipitate or dissolve, but do not consider
physical processes that could affect treatment performance such as
particle settling, clogging of voids, or consumption of reactive
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substrates.

This paper demonstrates the models (1) to gain an understanding of
the relative effects and importance of certain water-quality and system
variables affecting AMD treatment and (2) to evaluate potential treat-
ment strategies for cost-effective mitigation of Fe, Al, Mn, and associated
contaminants from AMD. First, the CausticTitration tool quantifies the
effects of commonly used caustic chemicals to increase pH and precip-
itate solids. Using this tool, preliminary treatment scenarios may be
considered for caustic addition before or after aeration to drive off CO-.
Second, the ParallelTreatment tool considers the same starting water
composition but with different possible values for kinetics variables such
as CO, outgassing rate, limestone particle size, and/or sorbent avail-
ability. Field experiments that evaluated the effects of aeration or HyO4
treatment on the pH and Fe'l oxidation rate were accurately simulated
with the parallel reactions tool. Third, the TreatTrainMix2 sequential
treatment tool, which combines the capabilities of the caustic titration
and parallel kinetics tools, simulates progressive changes in water
quality resulting from passive or active treatment steps that typically
involve neutralization, oxidation, and solids precipitation processes. The
TreatTrainMix2 tool was applied to indicate observed changes in pH,
dissolved Oy, metals, and associated solute concentrations in passive and
active AMD treatment systems that had a range of retention times,
aeration rates, and system components. Using this sequential treatment
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Fig. 7. TreatTrainMix2 input values for simulation of St. Michael active treatment system, which involves pre-aeration, continuous lime dosing with high-density
sludge recirculation, and sludge settling steps. Results of simulations are shown in Fig. 8. Note the concentration and composition of HMeO sorbent specified for step
(3) were computed as the sum of suspended Fe + Mn + Al concentrations (measured total minus dissolved concentration) exiting the mix tank (step 4). To prevent
calcite precipitation and improve alkalinity simulation, the modeled calcite saturation index was increased from the default of 0.3-2.5; calcite was not detected

(precipitated solids did not effervesce on reaction with HCI).
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Fig. 8. Comparison of measured (symbols) and TreatTrainMix2 simulation results (curves) for pH, alkalinity, dissolved O,, Fe, Al, and Mn, plus estimated con-
centration of accumulated solids at the St. Michael active treatment system. Input values for starting water quality and other model variables are shown in Fig. 7.

tool with chemistry and flow data for one or two AMD sources plus user-
specified retention time and other system characteristics, various pas-
sive and/or active treatment strategies can be identified that achieve the
desired effluent quality. Thus, considering land area and other re-
quirements for installation, operation, and maintenance of the alterna-
tives, potentially cost-effective, feasible treatment methods can be
identified.

In conclusion, the PHREEQ-N-AMDTreat modeling tools effectively
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simulate dynamic interactions between dissolved Fe, Al, Mn, and other
solutes in complex aqueous environments that exhibit gradients in pH,
redox, and solute concentrations. The modeling capability of PHREEQC,
including aqueous and surface speciation coupled with kinetics of
oxidation-reduction and dissolution reactions, provides a quantitative
framework for synthesis and application of laboratory rate data to field
settings. The PHREEQ-N-AMDTreat Ul facilitates application of the
models to evaluate the performance and design of a wide variety AMD



C.A. Cravotta III

treatment systems. Uncertainty in water-quality data, rate data, sorbent
quantities and properties, and other system variables can be evaluated
by changing values in the UI to identify critical parameters and docu-
ment potential variations in results. Although publicly available, the
models are not “smart,” and practitioners may lack experience in water-
quality analysis or engineering concepts. A user must choose appro-
priate values for system variables and treatment steps in the models.
Site-specific information is essential for feasibility analysis and design.

Nordstrom and Campbell (2014) offered several relevant conclusions
and recommendations on the sort of modeling presented herein: “Expert
judgment, developed over long time periods and involving many mis-
takes, along with carefully acquired empirical observations in the field
and in the laboratory, will ultimately guide our models from possibility
to probability.” They added, “Future efforts should be directed toward
developing standardized test cases for a wide variety of processes
against which code performance can be compared and tested.” To this
end, additional data collection is underway at several active and passive
treatment facilities. The data collection is targeted to improve our
knowledge of important variables or processes and associated effects on
effluent quality at those facilities. Accordingly, revisions to improve the
software may be anticipated. Additionally, efforts are underway to
integrate the PHREEQ-N-AMDTreat water-quality modeling tools with
the AMDTreat cost analysis model. The integrated models will facilitate
feasibility and cost analysis.
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