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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 current version of 
AMDTreat 5.0+ is being 
recoded from FoxPro to 

C++ to facilitate its use on 
computer systems running 

Windows 10. The 
PHREEQC geochemical 
models described below 

will be incorporated to run 
with the recoded program. 



“User Friendly” PHREEQC Kinetics 
Models for AMDTreat

 Atmospheric exchange: O2 ingassing, CO2 outgassing, and pH.

 Iron and manganese oxidation: pH-dependent homogeneous and 
heterogeneous rate laws (pH, pO2, sorption) plus contributions by 
acidophilic and neutrophilic iron-oxidizing bacteria.

 Limestone dissolution: considers solution chemistry (pH, pCO2) 
plus surface area of limestone fragments (particle size).

 Organic-carbon oxidation: reduction of sulfate and nitrate by 
carbon, plus FeIII by adsorbed sulfide (from sulfate reduction). 

 Potential water quality from various treatments can be considered 
to estimate system size (feasibility) and for benefits/costs analysis.
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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
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KINETICS OF IRON OXIDATION –
pH & GAS EXCHANGE EFFECTS



(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).

Iron Oxidation Kinetics are pH Dependent
(abiotic and microbial processes can be involved)

Neutrophilic
FeOB

Acidophilic
FeOB



Iron Oxidation Rate Model combines homogeneous 
and heterogeneous abiotic and microbial processes

The homogeneous oxidation rate law (Stumm and Lee, 1961; Stumm and Morgan, 1996), 
expressed in terms of [O2] and {H+} (=10-pH), describes abiotic oxidation of dissolved FeII:

-d[FeII]/dt = k1·[FeII]·[O2]·{H+}-2

The heterogeneous oxidation rate law describes the catalytic abiotic oxidation of sorbed FeII

on surfaces of hydrous ferric oxide (HFO) (Tamura et al., 2001):

-d[Fe(II)]/dt = k’2 (Fe(III)) ·[Fe(II)]·[O2]·{H+}-1     or -d[FeII]/dt = k2·[HFO_FeII]·[O2]

The microbial oxidation rate laws describe the catalytic oxidation of FeII by: 
(1) acidophilic iron-oxidizing bacteria, which become relevant at pH < 5 (Kirby et al., 1999):

-d[FeII]/dt = kbio1 · Cbact ·[FeII]·[O2]·{H+} 

and (2) neutrophilic iron-oxidizing bacteria, which have optimum rate at pH 6.5-7.5 and DO 
1.9-2.2 mg/L (Eggerichs et al., 2014): 

-d[FeII]/dt = kbio2 · Cbact ·[HFO_FeII]·[O2]

similar functions are used for manganese oxidation



Effects of 
O2 Ingassing and CO2 Outgassing 
on pH and FeII Oxidation Rates

Batch Aeration Tests 
at Oak Hill Boreholes

(summer 2013)

Control Not Aerated Aerated H2O2 Addition



PHREEQC Coupled Kinetic Model of CO2 Outgassing & 
Oxidation of FeII and MnII — Oak Hill Boreholes

pH Ferrous Iron

0.000012 s-1

0.00060 s-1

0.00022 s-1

0.000012 s-1
0.00010 s-1

kL,CO2a

Carbon Dioxide (Outgassing) Oxygen (Ingassing)



Manganese Aluminum

Alkalinity Dissolved O2

0.000012 s-1

0.00060 s-1

0.00022 s-1

0.000012 s-1
0.00010 s-1

kL,CO2a

PHREEQC Coupled Kinetic Model of CO2 Outgassing & 
Oxidation of FeII and MnII — Oak Hill Boreholes



Oak Hill Boreholes 
(June-July 2013)

PHREEQC Coupled Kinetic Models--Parallel

Treatment
Aer3
Aer2
Aer1
Aer0
H2O2

Parallel: steps use same starting influent water quality. 

Variable detention times, temperature, limestone surface 
area, organic carbon, sorbent mass and composition, plus 
adjustable CO2 outgassing and other rates by “factors”. 



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

Atmospheric equilibriumAerated

Not Aerated

y = 2.102x + 8E‐06
R² = 0.9985
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kL,O2a = 2.1 x kL,CO2a
Atmospheric equilibrium



Estimated CO2 Outgassing & O2 Ingassing Rate 
Constants 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. 



“2017 Model” For AMDTreat —
PHREEQC Coupled Kinetic Models of Limestone 

Dissolution & FeII Oxidation

CO2 outgassing rate

Can simulate limestone treatment 
followed by gas exchange and FeII

oxidation in an aerobic pond or aerobic 
wetland, or the independent treatment 
steps (not in sequence). 

Rate models for calcite dissolution, CO2
outgassing and O2 ingassing, and FeII

oxidation are combined to evaluate 
possible reactions in passive treatment 
systems. 

Adjustment abiotic homogeneous rate

Adjustment abiotic heterogeneous rate

Adjustment CO2 outgassing rate

Adjustment O2 ingassing rate (x kLaCO2)

Calcite saturation limit

Hydrogen peroxide added

Adjustment to H2O2 rate

Iron oxidizing bacteria

Surface area

Equilibrium approach

Mass available

Limestone+FeII.exe



Treatment
Sedimentation pond
VFP water
VFP compost
VFP limestone
Aeration cascades
Aerobic Wetland

Aeration, LS riprap
Aerobic Wetland
Aeration, LS riprap
Mn removal bed
Ditch, LS riprap

New “User-Friendly” Model: 

Sequential steps. Variable detention times, temperature, 
limestone surface area, organic carbon, sorbent mass and 
composition, plus adjustable CO2 outgassing and other rates.



“VFP” + Aerobic Pond + Wetlands + Mn-Removal Bed
Morea Mine:
moderate Fe & Al

Treatment
Sedimentation pond
VFP water
VFP compost
VFP limestone
Aeration cascades
Aerobic Wetland

Aeration, LS riprap
Aerobic Wetland
Aeration, LS riprap
Mn removal bed
Ditch, LS riprap



“VFP” + Pond + Wetlands + Mn-Removal Bed
Morea Mine Discharge, Mill Creek Watershed
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“VFP” + Pond + Wetlands + Mn-Removal Bed
Morea Discharge, Mill Creek Watershed

Volume is computed as the product of flow rate and detention time. Design flow rate of 5073 gal/min = 11.30 ft3/s.

Area is computed as the volume divided by depth; for the VFP, volumes and depths for each of the three steps are 
summed before computing area. 

Masses of limestone and compost are computed as the product of their respective volume and bulk density. 
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PHREEQC Coupled Kinetic Models Sequential Steps—
Silver Creek Aerobic Wetlands

9

Step Treatment
0 Untreated
1 Pond
2 Cascade
3 Pond
4 Cascade
5 Pond
6 Riprap
7 Wetland
8 Riprap
9 Wetland

10 Riprap
11 NULL10



Ponds + Wetlands
Silver Creek (160808)

PHREEQC Coupled Kinetic Models--Sequential Steps

Treatment
Pond
Aeration cascades
Pond
Aeration cascades
Pond

Riprap cascades
Aerobic Wetland
Riprap cascades
Aerobic Wetland
Ditch, riprap
NULL



Silver Creek Aerobic Wetlands



Silver Creek Aerobic Wetlands



PHREEQC Coupled Kinetic Models Sequential Steps—
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
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ALD + Pond + Wetlands
Pine Forest (151212)

PHREEQC Coupled Kinetic Models--Sequential Steps

Treatment
ALD
Aeration, LS riprap
Pond
Riprap
Aerobic Wetland

Cascades
Aerobic Wetland
Cascades
Aerobic Wetland
Ditch, LS riprap
NULL



Pine Forest ALD + Aerobic Wetlands



Pine Forest ALD + Aerobic Wetlands



Demonstrations
• Oak Hill Aeration experiments (parallel):

 Aer3, Aer2, Aer1, Aer0, H2O2

• Morea (sequential treatment steps):

 VFP + A + Pond + A + Wetlands + A + Mn bed + A 

• Pine Forest (sequential treatment steps):

 ALD + A + Pond + A + 3x(Wetlands + A )



Conclusions
 Geochemical kinetics tools using PHREEQC have been 

developed to evaluate mine effluent treatment options.

 Graphical and tabular output indicates the pH and solute 
concentrations in effluent. 

 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 Plans
“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.” 

 FY2017-2018 Development, beta testing and review. 

 FY2018 Provisional USGS “software release” planned:

 https://water.usgs.gov/software/lists/geochemical

 FY2019 Incorporation of PHREEQC treatment 
simulations with AMDTreat to be released by OSMRE:

 http://amd.osmre.gov/
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