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AMDTreat

“PHREEQ-N-AMDTREAT”
http://amd.osmre.gov/

AMDTreat is a computer 

application for estimating 

abatement costs for AMD 

(acidic or alkaline mine 

drainage).

AMDTreat is maintained 

by OSMRE. 

The obsolete version of 

AMDTreat 5.0+ has been 

recoded from FoxPro to 

C++ to facilitate its use on 

computer systems running 

Windows 10. One of three

PHREEQC geochemical 

models described below 

has been incorporated to 

run with the recoded 

AMDTreat 6.0 program. 



“AMDTreat 6.0”

AMDTreat 6.0 (2022) is a 
newly updated computer 
application for estimating 

costs and sizing of facilities to 
abate AMD (acidic or alkaline 

mine drainage) that is 
maintained by the Office of 
Surface Mining Reclamation 
and Enforcement (OSMRE). 

The PHREEQ-N-AMDTreat 
water-quality modeling tool, 
developed by the USGS with 
support from OSMRE, was 
recently incorporated with 
AMDTreat 6.0 (beta version 

shown here).

https://www.osmre.gov/programs/reclaiming-abandoned-mine-lands/amdtreat



“PHREEQ-N-AMDTreat”
❖TreatTrainMix2 model simulates 

effects on water quality by 
treatment system components; 
useful for costs/benefits analysis.

✓ CO2 outgassing and O2 ingassing;

✓ Iron and manganese oxidation;

✓ Limestone dissolution;

✓ Oxidation of organic carbon 
coupled with reduction of FeIII, 
sulfate, and nitrate.

✓ Active treatment with H2O2 and/or 
caustic chemicals.

✓ Mass and composition of solids 
formed, including Fe, Mn, and Al 
adsorbed by hydrous metal oxides 
(HMeO = HFO + HMO + HAO).

❖An expanded stand-alone model 
includes rare-earth elements 
attenuation by adsorption and 
precipitation. 

Cravotta, C.A. III, 2020. Interactive 

PHREEQ-N-AMDTreat water-quality 

modeling tools to evaluate performance and 

design of treatment systems for acid mine 

drainage (software download): U.S. 

Geological Survey Software Release. 

https://doi.org/10.5066/P9QEE3D5 

Cravotta, C.A. III, 2021. Interactive 

PHREEQ-N-AMDTreat water-quality 

modeling tools to evaluate performance and 

design of treatment systems for acid mine 

drainage: Applied Geochemistry, 126, 10845. 

https://doi.org/10.1016/j.apgeochem.2020.10

4845 



Al3+ 

Fe2+ / Fe3+

Mn2+

Increase pH/oxidation 

with aeration, natural 

substrates & microbes

Reactions slow

Large area footprint

Low maintenance

ActivePassive

Increase pH/oxidation 

with aeration &/or 

industrial chemicals

Reactions fast, efficient

Moderate area footprint

High maintenance

Treatment of AMD 
(Acidic or Alkaline Mine Drainage)



Skousen, J.G., Zipper, C.E., Rose, A.W., Ziemkiewicz, P.F., Nairn, R., McDonald, L.M., and Kleinmann, R.L., 2017. Review of 

passive systems for acid mine drainage treatment. Mine Water Environ. 36, 133-153.



PHREEQ-N-AMDTreat Models

Simulate water-quality changes during passive and active treatment.

Three complementary, user-friendly tools use same thermodynamic 

database and input water-quality data for a given AMD:

✓ “CausticTitration.exe” 

✓ “ParallelTreatment.exe”

✓ “TreatTrainMix2.exe” (→incorporated with AMDTreat 6.0)

Graphical and tabular output indicates changes in pH, concentrations 

of metals, TDS, and SC plus the cumulative quantity of precipitated 

solids as a function of retention time or the amount of caustic added.

Evaluate design/performance and costs/benefits of alternatives.



PHREEQ-N-AMDTreat: Modeled Variables

Input water-quality, one or two solutions (A+B)

Adjustment factors for rate constants



PHREEQ-N-AMDTreat: Modeled Variables

Variables applied in CausticTitration tool

Solid-phase precipitation control

System variables for up to 11 treatment steps



pH, Oxidation State, and Speciation

Affect Attenuation of Metals



A. Anthracite Mine Discharges
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B. Bituminous Mine Discharges
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Bimodal pH, Net Acidic, and Net Alkaline AMD

pH increases after complete 

oxidation of net-alkaline 

water (CO2 outgassing):

HCO3
- = CO2 (gas↑) + OH-

pH decreases after complete 

oxidation of net-acidic water 

(Fe oxidation and hydrolysis):

Fe2+ + 0.25 O2 + 2.5 H2O →

Fe(OH)3 (ppt↓) + 2 H+

Anthracite AMD 

Bituminous AMD 

Net Acidity > 0

(net acidic)

Net Acidity < 0

(net alkaline)
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Solubilities of Metal Hydroxides

FeIII

MnIV

AlIII

MnIIFeII

FeIII & MnIV ARE 

LEAST SOLUBLE; 

OXIDATION RATE 

IS LIMITING

METALS HAVE 

LOW SOLUBLITY 

AT NEUTRAL TO 

ALKALINE pH



Al Solubility



Al Solubility Considering Aqueous Sulfate Species



Al Solubility Considering Aqueous Sulfate Species
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Fe(OH)3 (amorph)

Goethite FeOOH

Schwertmannite, x=1.75

Siderite FeCO3

Fe(OH)2

AMD140 [FeTOT]

Temp = 25oC

pSO4 TOT = 2.3
pK+ = 4.30
pCO2 = 2.0

Aqueous phase

Solid phase

Fe Limited by FeII-Carbonate and 

FeIII-Hydroxide and Sulfate Solubilities 

FeII(OH)2

FeIICO3

FeIII(OH)3

FeIII
8O8(OH)4.5(SO4)1.75

FeIIIOOH

Dissolved Fe is 

predominantly FeII



(1996)

(Kirby et al., 1999)

** Cbact is concentration of iron-oxidizing bacteria (FeOB), in mg/L, as dry weight of bacteria (2.8E-13 g/cell or 2.8E-10 mg/cell ).

The AMDTreat FeII oxidation kinetic model uses most probable number of iron-oxidizing bacteria per liter (MPNbact). 

Cbact = 150 mg/L is equivalent to MPNbact = 5.3E11, where Cbact = MPNbact ·(2.8E-10). 

Neutrophilic rate is adjusted for optimum conditions of pH (6.5-7.5) and low DO (1.9-2.2 mg/L) (Eggerichs et al., 2014).

Additionally, catalysis by adsorption to solids (heterogeneous oxidation) depends on pH (>5).

Iron Oxidation Kinetics are pH Dependent
(pH is affected by gas exchange, hydrolysis, neutralization;

abiotic and microbial processes can be involved)

Neutrophilic
FeOB

Acidophilic
FeOB



PHREEQ-N-AMDTreat Examples
Gas Exchange, pH, and Metals Attenuation



Options: no aeration, 

kinetic pre-aeration 

(w/wo H2O2), and 

equilibrium aeration.

Allows selection and 

evaluation of key variables 

that affect chemical usage 

efficiency.  
Selected mineral 
precipitation points

*multiply Fe2.mg by 0.000009 to get [H2O2]

Select folder for input/output water-quality

Instantaneous equilibration with input DO

Equilibration with specified log(Pco2, atm)

Only Soln#A

DO must be > 0

Adjustment CO2 outgassing rate (x kLaCO2)

Adjustment O2 ingassing rate (x kLaCO2)

CO2 outgassing rate constant in sec-1

Hydrogen peroxide added*

Adjustment to H2O2 rate

Duration of pre-aeration in sec

Optional report of output

Optional on-screen graphical displays of selected output

One or two 
initial solutions:

Caustic Titration with Pre-Aeration (Decarbonation)  
St. Michael: pre-aeration decreases CO2 acidity, caustic usage, and sludge

CausticTitration.exe

Cravotta, C.A. III, 2021. Interactive 

PHREEQ-N-AMDTreat water-

quality modeling tools to evaluate 

performance and design of treatment 

systems for acid mine drainage: 

Applied Geochemistry, 126, 10845. 

https://doi.org/10.1016/j.apgeochem.

2020.104845 



Caustic Titration with Pre-Aeration (Decarbonation)  
St. Michael: pre-aeration decreases CO2 acidity, caustic usage, and sludge

A. CausticTitration.exe:  Not aerated (CaO reacted to achieve pH 8.5 is 675 mg/L as CaCO3)

B. CausticTitration.exe:  Pre-aerated, CO2 decreased almost 90% (CaO reacted to achieve pH 8.5 is 290 mg/L as CaCO3)



CausticTitration.exe:  Not aerated (Graph1) CausticTitration.exe:  Pre-aerated (Graph1)

Caustic Titration with Pre-Aeration (Decarbonation)  
St. Michael: pre-aeration decreases CO2 acidity, caustic usage, and sludge



CausticTitration.exe:  Not aerated (Graph2) CausticTitration.exe:  Pre-aerated (Graph2)

Caustic Titration with Pre-Aeration (Decarbonation)  
St. Michael: pre-aeration decreases CO2 acidity, caustic usage, and sludge



CausticTitration.exe:  Not aerated (Graph3) CausticTitration.exe:  Pre-aerated (Graph3)

Caustic Titration with Pre-Aeration (Decarbonation)  
St. Michael: pre-aeration decreases CO2 acidity, caustic usage, and sludge

CausticTitration.exe:  Not aerated (Graph3) CausticTitration.exe:  Pre-aerated (Graph3)



CausticTitration.exe:  Not aerated (Graph4) CausticTitration.exe:  Pre-aerated (Graph4)

Caustic Titration with Pre-Aeration (Decarbonation)  
St. Michael: pre-aeration decreases CO2 acidity, caustic usage, and sludge

pH > 8.5: Calcite > 500 mg/L
pH > 10.5: Mg(OH)2 > 100 mg/L

pH > 8.5: Calcite < 200 mg/L
pH > 10.5: Mg(OH)2 > 100 mg/L

Automatic scale change for Y axis

Calcite (>500 mg/L)

Fe(OH)2
Mg(OH)2

Fe(OH)2
Mg(OH)2
Calcite (<200 mg/L)



Caustic can be added at steps 1 - 5

Peroxide Aeration Limestone/Compost Sorbent Mass/Composition

Outgassing/Ingassing (CO2/O2)

Manganese Oxidation

Organic Carbon Oxidation

Kinetics (adjustment factor applied to all steps)

Solids Precipitation
(saturation index/equilibrium)

Iron Oxidation 
(homogenous+heterogeneous
abiotic + microbial)

Duration  Temp (for each step)

Surface area (SAcc.cm2/mol)

Mass available (M/M0cc)

Organic carbon mass available (SOC.mol)

Limestone / Organic Carbon:

Rate (kLaCO2.1/s)

factr.kCO2

Outgassing &
Ingassing:

Mass total Fe+Mn+Al (HMeO.mg)

Composition (%) Fe, Mn, and Al

Sorbent (recirculated solids):

factr.kO2

steady-state logPCO2

equilibrium approach (EXPcc)

calcite saturation limit (SI_CaCO3)

factr.kSHFO (reduction of FeIII)

factr.kSOC (solid organic carbon)

factr.kDOC (dissolved organic carbon)

Steps 1 - 5

Choose caustic agent

Caustic Addition:

Specify target pH

PHREEQ-N-AMDTreat: Parallel & Sequential Models

H2O2 estimate, stoichiometric FeII oxidation

H2O2:

factr.kFeH2O2

System variables:



Oak Hill Boreholes (June-July 2013)

PHREEQ-N-AMDTreat: “ParallelTreatment.exe”

Parallel: independent steps use same influent water quality. 

Variable retention times, temperature, CO2 outgassing, 
limestone surface area, organic carbon, sorbent mass and 
composition; H2O2, caustic, adjustable rate “factors”. 

Kinetic parameters use 
“literature values” with 
multiplication factors for 
adjustment.

Select folder for input/output water-quality

One or two 
initial solutions:

Cravotta, C.A. III, 2021. Interactive PHREEQ-N-AMDTreat water-quality modeling tools to evaluate performance and design of 

treatment systems for acid mine drainage: Applied Geochemistry, 126, 10845. https://doi.org/10.1016/j.apgeochem.2020.104845 



PHREEQ-N-AMDTreat: Parallel 
Model

Effects of 
O2 Ingassing and CO2 Outgassing on 

pH and FeII Oxidation Rates

Batch Aeration Tests 
at Oak Hill Boreholes

(summer 2013, 6-hour duration)

Control Not Aerated Aerated H2O2 Addition



PHREEQ-N-AMDTreat: Parallel Model
Batch Aeration Tests at Oak Hill Boreholes

pH Ferrous Iron

0.000005 s-1

0.00066 s-1

0.00022 s-1

0.000005 s-1

0.00010 s-1

kL,CO2a

Carbon Dioxide (Outgassing) Oxygen (Ingassing)

ParallelTreatment.exe:



Manganese Aluminum

Alkalinity Dissolved O2

0.000005 s-1

0.00066 s-1

0.00022 s-1

0.000005 s-1

0.00010 s-1

kL,CO2a

ParallelTreatment.exe:

PHREEQ-N-AMDTreat: Parallel Model
Batch Aeration Tests at Oak Hill Boreholes



CO2 Outgassing is Proportional to O2 Ingassing 
(model specifies first-order rates for out/in gassing)

-d[C]/dt = kL,Ca·([C] - [C]S)    exponential, asymptotic approach to steady state

y = 2.102x + 8E-06
R² = 0.9985
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CO2 Outgassing & O2 Ingassing Rate Constants 
Estimated for Various Treatment Technologies

kL,a_20 = (LN((C1-CS)/(C2-CS))/t) / (1.0241(TEMPC - 20)), where C is CO2 or O2. 
Dissolved O2, temperature, and pH were measured using submersible electrodes. 
Dissolved CO2 was computed from alkalinity, pH, and temperature data.

Fast

Slow

Fast

Slow



KINETICS OF LIMESTONE 

DISSOLUTION – pH, CO2, and 

SURFACE AREA EFFECTS



r = (k1•aH+ + k2•aH2CO3* + k3•aH2O) 

- k4•aCa2+•aHCO3-

Limestone Dissolution Rate Model for AMDTreat
(“PWP” model emphasizes pH and CO2)

According to Plummer, Wigley, and 

Parkhurst (1978), the rate of CaCO3

dissolution is a function of three forward 

(dissolution) reactions:

CaCO3 + H+ → Ca2 + + HCO3
- k1

CaCO3 + H2CO3* → Ca2 + + 2 HCO3
- k2

CaCO3 + H2O → Ca2 + + HCO3
- + OH- k3

and the backward (precipitation) reaction:

Ca2 + + HCO3
- → CaCO3 + H+ k4

Although H+, H2CO3*, and H2O reaction with calcite 
occur simultaneously, the forward rate is dominated by 
a single species in the fields shown. More than one 
species contributes significantly to the forward rate in 
the gray stippled area. Along the lines labeled 1, 2, and 
3, the forward rate attributable to one species balances 
that of the other two.



Limestone Dissolution Rate Model for AMDTreat
(surface area correction for coarse aggregate)

Plummer, Wigley, and Parkhurst (1978) reported unit surface area (SA) of 44.5 and 96.5 cm2/g for “coarse” and “fine” particles, respectively, 
used for empirical testing and development of PWP rate model.  These  SA values are 100 times larger than those for typical limestone 
aggregate. Multiply cm2/g by 100 g/mol to get surface area (A) units of cm2/mol used in AMDTreat rate model.



PHREEQ-N-AMDTreat “TreatTrainMix2.exe”:

Cravotta, C.A. III, 2021. Interactive PHREEQ-N-AMDTreat water-quality modeling tools to evaluate performance and design of 

treatment systems for acid mine drainage: Applied Geochemistry, 126, 10845. https://doi.org/10.1016/j.apgeochem.2020.104845 

Select folder for input/output water-quality

One or two 
initial solutions:

TreatTrainMix2.exe   Sequential Model of Successive Treatment Steps (1-11)

Kinetic parameters use 
“literature values” with 
multiplication factors for 
adjustment.

Sequential. Variable retention times, temperature, H2O2, 
caustic, CO2 outgassing, limestone surface area, organic 
carbon, sorbent, plus adjustable rates.

Option to add specified caustic agent to adjust pH at beginning of steps 1-5:

Solids Precipitation
(SI=0 is equilibrium)

R-3

AASHTO#5

R-3

AASHTO#3

R-3



PHREEQ-N-AMDTreat: TreatTrainMix2 Model
Pine Forest ALD* + Pond + Aerobic Wetlands

Step Treatment

0 Untreated

1 ALD

2 Riprap

3 Pond

4 Riprap

5 Wetland

6 Cascade

7 Wetland

8 Cascade

9 Wetland

10 Riprap

11 NULL

*Flushable ALD, Biofouled

0

1

2

7

3

4

5

6

8

10

9



PHREEQ-N-AMDTreat: TreatTrainMix2 Model

Variable retention times, temperature, (caustic, H2O2,) CO2 outgassing/ingassing, 
limestone surface area, organic carbon, sorbent, plus adjustable rates.

Biofouled ALD+Aerobic Pond+Wetlands
Pine Forest (151212)

TreatTrainMix2.exe:  Passive treatment



Pine Forest ALD + Aerobic Wetlands (151212)



Pine Forest ALD + Aerobic Wetlands (151212)



Pine Forest ALD + Aerobic Wetlands (151212)



St. Michael AMD:
net acidic with
high Fe & CO2

moderate Mn

Pre-Aeration, Lime  Dosing, Solids Recirculation

UI for active treatment of net-acidic AMD through (1) Maelstrom oxidizer; (2-4) 
lime dosing and sludge recirculation; (5) clarifier; and (6) outflow ditch. 

TreatTrainMix2.exe:  Active treatment



Pre-Aeration, Lime  Dosing, Solids Recirculation
St. Michael AMD, Cambria County, PA
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PHREEQ-N-AMDTreat: 
TreatTrainMix2 Model Application

Hypothetical Passive Treatment Scenarios
for Howe Bridge Mine Discharge



Howe Bridge, high Fe & Mn

“ALD” + Aerobic Ponds + “OLD” + Mn-Removal Bed

UI for passive treatment of net-acidic AMD through (1) anoxic limestone drain; 
with added steps for (3) aerobic pond; (5) oxic limestone bed; (7) aerobic pond; and 
(9-11) manganese removal bed with intermediate aeration steps (2, 4, 6, 8). 

TreatTrainMix2.exe:  Passive treatment



Howe Bridge ALD, only (210608)



AMDTreat 6.0 Beta: 
Howe Bridge ALD + 

Aerobic Ponds + “OLD” 
+ Mn-Removal Bed



Howe Bridge, high Fe & Mn

“ALD” + Aerobic Ponds + “OLD” + Mn-Removal Bed

AMDTreat 6.0 Beta “PHREEQ-N-AMDTreat” tool (1) anoxic limestone drain; (3) 
aerobic pond; (5) oxic limestone bed; (7) aerobic pond; and (9-11) manganese 
removal bed with intermediate aeration steps (2, 4, 6, 8). 

AMDTreat 6.0 Beta  PHREEQ-N-AMDTreat tool:



Howe Bridge ALD + Aerobic Ponds + OLD + Mn-Removal Bed



AMDTreat 6.0 Beta: 
Howe Bridge ALD + 

Aerobic Ponds + “OLD” 
+ Mn-Removal Bed

Total capital cost: 
$193,632

Net present value cost: 
$783,225

Project footprint:
1.40 acres



Conclusions

✓ PHREEQ-N-AMDTreat tools that include equilibrium and 

kinetics models are useful to evaluate AMD treatment 

performance and design.

✓ Graphical and tabular output indicates the pH and solute 

concentrations in effluent plus quantity of precipitated solids. 

✓ By adjusting kinetic variables or chemical dosing, various 

passive and/or active treatment strategies can be simulated. 

✓ AMDTreat cost-analysis software can be used to evaluate the 

feasibility for installation and operation of treatments that 

produce the desired effluent quality.



Disclaimer / Release Status
“Although this software program has been used by the U.S. Geological Survey (USGS), no 

warranty, expressed or implied, is made by the USGS or the U.S. Government as to the accuracy 

and functioning of the program and related program material nor shall the fact of distribution 

constitute any such warranty, and no responsibility is assumed by the USGS in connection 

therewith.” 

✓ FY2017-2020 Development, beta testing and review.

✓ FY2021 USGS software release, available for download:

https://doi.org/10.5066/P9QEE3D5

✓ FY2021 Documentation, open-access Applied Geochemistry article:

https://doi.org/10.1016/j.apgeochem.2020.104845 

✓ FY2022 Incorporation with AMDTreat 6.0 for release by OSMRE:

https://www.osmre.gov/programs/reclaiming-abandoned-mine-

lands/amdtreat

https://doi.org/10.5066/P9QEE3D5
https://doi.org/10.1016/j.apgeochem.2020.104845
https://www.osmre.gov/programs/reclaiming-abandoned-mine-lands/amdtreat
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