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SIMULATIONS OF THE NEUTRALIZING CAPACITY OF SILICATE 

ROCKS IN ACID MINE DRAINAGE ENVIRONMENTS
1 

 

L. Edmond Eary,
2
 and Mark A. Williamson 

 

Abstract.  Pyritic rocks with little or no carbonate mineral content generally produce acid mine 

drainage when exposed to the atmosphere and moisture.  In the absence of carbonate minerals, 

it is often suggested that silicate minerals can provide some level of acid buffering.  At the 

current time, databases of reaction kinetics are sufficiently detailed to allow calculations of the 

rates of silicate mineral dissolution reactions relative to the rate of pyrite oxidation.  These 

types of calculations have been conducted for conditions of abiotic oxidation of pyrite by O2 to 

estimate the acid neutralizing capacity of silicate rock types in terms of specific mineral 

contents.  Using the criteria of maintaining a pH > 5.0 for 10-years, these calculations yield the 

following results for some generalized igneous rock types. 
 

Rock Type 

NP Range 

(kg CaCO3/t) 

Granite 0.6 

Quartz 

Monzonite 2.0-2.7 

Monzonite 2.2-3.0 

Granodiorite 1.8-2.2 

Quartz 

Diorite 18.9-29.2 

Diorite 26.7-40.2 

Gabbro 29.2-50.1 

The results show that it is feasible to use geochemical model calculations to estimate neutralization 

potentials through reaction rate calculations, although these calculations tend to overestimate 

neutralization potentials of mafic rock types compared to experimental data.  The rate calculations 

also point out the importance of the mafic mineral content for neutralizing acidity in that minerals, 

such as calcic plagioclase, forsterite, augite, and hornblende, may react rapidly enough to keep up 

with the rate of acid generation by pyrite oxidation under the right circumstances, whereas the felsic 

minerals, such as K-feldspar and albite, react too slowly to mitigate acid generation.  The 

calculations also show the importance of secondary mineral formation in estimating neutralization 

potential in that equilibrium with goethite and gibbsite yields the low end of the range listed in the 

above table relative to equilibrium with amorphous Fe and Al hydroxides.  Overall, the kinetics 

simulation procedures provide an efficient and inexpensive means to conduct scoping studies of 

likely pH conditions for carbonate-poor rocks that can be used to optimize sample selection for more 

detailed experimental testing or prediction of potential impacts from acid mine drainage based on 

petrological and mineralogical data in the absence of detailed experimental data. 
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Introduction 

Acid rock drainage is primarily the result of the oxidative dissolution of pyrite through 

reactions such as: 

FeS2(s) + 7/2 O2 + H2O → Fe
+2

 + 2 SO4
-2

 + 2 H
+   

  (1) 

FeS2(s) + 14 Fe
+3

 + 8 H2O → 15 Fe
+2

 + 2 SO4
-2

 + 16 H
+
   (2) 

Under near-neutral pH conditions, the Fe
+2

 is oxidized and precipitated as hydroxide solids 

producing more acid as in: 

Fe
+2

 + ¼ O2 + 5/2 H2O → Fe(OH)3(s) + 2 H
+
    (3) 

It is generally recognized that dissolution reactions involving both carbonate and silicate 

minerals have the potential to neutralize the acid generated by sulfide oxidation through 

reactions such as: 

CaCO3(s) + H
+
 → Ca

+2
 + HCO3

-
      (4) 

and 

CaAl2Si2O8(s) + 2 H
+
 + 6 H2O → Ca

+2
 + 2 Al(OH)3(s) + 2 H4SiO4   (5) 

 

In most rock-water systems, it is the carbonate minerals that, when present in sufficient 

quantities, provide the primary neutralizing capacity because they react rapidly enough to keep 

up with the rate of acid production from sulfide oxidation.  In comparison, most silicate minerals 

are generally thought to not dissolve fast enough to preclude acid generation under most 

circumstances.  Otherwise, acid rock drainage would not be the common phenomena that it is 

given the predominance of silicate rock types over carbonates in most mineralized districts.  

These concepts are generally well established and well described in many publications, including 

(e.g., ICARD, 2000; MEND, 1997; Nordstrom and Alpers, 1999; White et al., 1999).  

Empirical observations of weathered rocks indicate that relative rates of silicate mineral 

dissolution increase with increasing thermodynamic instability under normal surficial conditions 

(Goldich, 1938).  Experimental studies confirm the empirical observations and clearly show that 

high temperature minerals such as anorthite dissolve much more rapidly than feldspars (Fig. 1).  

As a result, mafic rocks comprised of minerals such as plagioclase, pyroxenes, olivines, and 

amphiboles generally provide for more acid neutralization potential than silicic rocks comprised 

of alkali feldspars, quartz, and micaceous minerals.  A complication to this generalization is that 

mafic minerals generally contain more ferrous iron than silicic minerals.  Under neutral to basic 

pH conditions, the ferrous iron dissolved from mafic minerals will be rapidly oxidized to ferric 

iron (Millero, 1985; Moses and Herman, 1989) and precipitated as ferric oxyhydroxides (Bigham 

et al., 1996; Langmuir and Whittemore, 1971).  However, if the rock-water system eventually 

becomes acidic, then the iron dissolved from the mafic minerals could promote sulfide oxidation. 

If one considered only relative reaction rates, then it might be expected that silicate mineral 

dissolution could have the capacity to prevent or at least limit acid generation under some 

circumstances.  For example, biotite and plagioclase are reported to limit acid production in 

waste rock at the Aitik mine in Sweden to the extent that pH values generally remain above 

about 3.5 even though calcite is absent (Banwart and Malmström, 2001; Linklater et al., 2005; 
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Strömberg and Banwart, 1994).  Rocks at the Samatosum mine in British Columbia are reported 

to have a high neutralizing capacity in the form of mafic silicates that prevent acid generation 

(Lawrence and Wang, 1997).  Experimental tests also show that mafic silicates can provide an 

appreciable amount of acid neutralizing capacity that can affect interpretations of standard acid 

base accounting determinations (Desborough et al., 1998; Jambor et al., 2000; Paktunc, 1999). 

The primary objectives of this paper were twofold:  First, we wanted to determine if it was 

feasible to use a geochemical model to represent kinetic processes involved in acid mine 

drainage based on rate information from the literature and little or no site-specific information 

other than mineralogy.  Second, we wanted to investigate through a series of calculations of rates 

of silicate mineral dissolution relative to rates of abiotic pyrite oxidation by dissolved O2 the 

extent to which standard silicate rock types could potentially provide acid neutralization.  Biotic 

processes involved in pyrite oxidation were not considered because they become important 

primarily in systems that have already become acidic and consequently have iron concentrations 

high enough for microbes to thrive through the metabolic processes involved in the oxidation of 

ferrous ion to ferric ion (Williamson et al., 2006).  The purpose of the calculations presented here 

was to determine if silicates could react fast enough to prevent acid condition from occurring in 

the first place given a starting of condition of neutral pH.  At neutral pH, the abiotic processes 

are the rate-determining step for pyrite oxidation (Williamson et al., 2006). 

A range of generic igneous silicate rock types from silicic to mafic compositions was 

examined in the calculations to provide a relative measure of their potential to provide 

neutralization capacity.  The effects of secondary mineral formation on solution acidity were also 

investigated.  We focused on dissolved O2 because it is the primary oxidant for pyrite under 

neutral pH conditions, whereas ferric ion is more important at pH less than about 4 (Williamson 

et al., 2005).  A near-neutral pH condition is the starting point from which acid generation would 

either commence or be precluded by silicate dissolution; hence it made sense to consider pyrite 

oxidation by dissolved O2 as the initiating process in acidification.  

It is recognized by the authors that experimental testing and field observation provide the 

best determinants of the acid generation potential of any given petrologic system.  Thus, the 

intention of the modeling exercises presented here is not to suggest that they can replace direct 

observations.  Instead, it is our intention to represent the modeling methods as another tool that 

can be used for rapid and inexpensive assessments of the extent to which different silicate rock 

types have the potential to mitigate acid rock drainage under a well-defined set of conditions.  

This type of information can be useful in the preliminary stages of environmental assessment to 

optimize selection of rock samples for experimental testing and also in the interpretation of 

observed chemical trends in existing acid rock drainage systems.  

Methods 

Geochemical model and data sources   

The PHREEQC model (Parkhurst and Appelo, 1999, version 2.11) was used for all 

geochemical calculations with the standard set of thermodynamic data in the default phreeqc.dat 

datafile.   For representing silicate mineral dissolution, a series of rate expressions in the general 

form developed by Chou and Wollast (1985), Casey and Ludwig (1995) and adopted by Palandri 

and Kharaka (2004) were added to phreeqc.dat as in: 

   Rate (mole/kg H2O/s) = (A/M)(kH(H
+
)
a
 + kW + kOH(OH

-
)
b
)   (6) 
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In Eq. (6), (A/M) is the ratio of mineral surface area to 1 kg H2O, which is the convention used 

by PHREEQC, kH, kW, and kOH are rate constants for acidic, neutral, and alkaline conditions, and 

a and b are the dependencies on H
+
 and OH

-
 activities, respectively.  Table 1 contains a complete 

list of the kinetic rate expressions used in calculations. 

The rate expressions for the silicates in Table 1 and shown in Fig. 1 are from the extensive 

compilation of Palandri and Kharaka (2004), who have fit experimental rate data from a wide 

variety of literature sources to Eq. (6) to provide a data set of silicate dissolution rates that is 

internally consistent in terms of units, surface areas, and rate law formulation.  The rate data 

considered by Palandri and Kharaka (2004) includes results from both oxic and anoxic 

experimental conditions.  For most silicates, the presence of dissolved oxygen is not a factor for 

dissolution rate.  However, for iron-containing silicates, such as biotite and pyroxenes, dissolved 

oxygen can increase dissolution rates under acidic pH conditions through surface-catalyzed 

redox processes (White and Yee, 1985).  The magnitude of this effect for the hypothetical 

starting point of neutral pH conditions used for the calculations here is difficult to quantify.  

Hence, the rate expressions listed in Table 1 should be considered as broad averages that are 

appropriate for generalized rate calculations presented here, but may not be necessarily 

representative of the specific chemical and mineralogical conditions present at any particular 

site. 
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Figure 1.  Relative rates of dissolution of silicate minerals using data from the literature 

compilation of Palandri and Kharaka (2004). 
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Table 1.  List of rate expressions used for calculations from Palandri and Kharaka (2004) 

(silicates) and Williamson and Rimstidt (1994) (pyrite).   

 

Mineral 

 

Rate Expression 

log kH
†
  

Ea
*
 

log 

kW
†
 

 

Ea
*
 

log 

kOH
†
 

 

Ea
*
 

Albite kH(H
+
)
0.457

+kW+kOH(OH
-
)
0.57

 -10.16 65 -12.56 69.8 -15.6 71 

Oligoclase kH(H
+
)
0.457 

+
 
kW -9.67 65 -11.84 69.8 - - 

Andesine kH(H
+
)

0.541
 + kW -8.88 53.5 -11.47 57.4 - - 

Labradorite kH(H
+
)
0.626 

+
 
kW -7.87 42.1 -10.91 45.2 - - 

Bytownite kH(H
+
)
1.018 

+
 
kW -5.85 29.3 -9.82 31.5 - - 

Anorthite kH(H
+
)
1.411 

+
 
kW -3.50 16.6 -9.12 17.8 - - 

K-feldspar kH(H
+
)
0.500

+kW+kOH(OH
-
)
0.82

 -10.06 51.7 -12.41 38 -21.20 94.1 

Biotite kH(H
+
)
0.525 

+
 
kW -9.84 22 -12.55 22 - - 

Hornblende kH(H
+
)
0.600 

+
 
kW -7.00 75.5 -10.30 94.4 - - 

Augite kH(H
+
)
0.700 

+
 
kW -6.82 78 -11.97 78 - - 

Forsterite kH(H
+
)
0.470 

+
 
kW -6.85 67.2 -10.64 79 - - 

Pyrite kH(O2)
0.500

(H
+
)
-0.11

 -8.19 - - - - - 
†
: mole/m

2
/s 

*: Arrhenius activation energy in kJ/mole. 

 

For pyrite oxidative dissolution, the following generalized rate expression from Williamson 

and Rimstidt (1994) was used: 

Rate = (A/M)kH(O2)
0.5

(H
+
)
-0.11

      (7) 

The rate expression in Eq. (7) is applicable to solutions with pH greater than about 3.5 to 4.0 

where pyrite oxidation is dominated by dissolved oxygen rather than ferric ion and the effects of 

microbial processes, which dominate at lower pH (Williamson et al., 2006).  Numerous factors 

can affect the rate of pyrite oxidation, such as morphology, minor metal substitutions, and 

crystallinity (Jambor, 1994), and rates in unsaturated conditions (Jerz and Rimstidt, 2004) may 

be substantially different from the rate described by Eq. (7).  The calculations presented in this 

paper are dependent on Eq. (7), but other rate expressions could also be used to investigate other 

factors affecting pyrite oxidation that may be specific to a particular site or set of conditions. 

Rock Compositions 

For the model calculations, a series of seven rock compositions were developed following the 

general classification of silicic to mafic igneous rocks (Travis, 1955) (Table 2).  Standard 

elemental compositions were used for the individual minerals that comprised the different rock 

types.  For plagioclase, the end-members albite and anorthite were used along with the range of 

compositions representative of the plagioclase solid solutions. 

Solution Conditions   

The initial solution composition was based on a standard river water chemistry listed in 

Langmuir (1997) (Table 3) with the following exceptions.  The alkalinity was reduced by 50% to 

better reflect a poorly buffered drainage system and improve the charge balance.  Very low 

concentrations of Al, Fe, and Si were added to avoid warnings from PHREEQC about basis 

species being present in equilibrium phases but not in the initial solution composition.  In 

addition, the initial solution had a small deficit in negative charge; hence PHREEQC was 

allowed to increase the sulfate concentration to achieve a charge-neutral solution. 
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Table 2.  Mineral contents for the seven rock compositions used in model calculations. 

 † Totals were fixed at 97.5% to allow the addition of variable amounts of pyrite. 

Table 3.  Initial solution composition and equilibrium phases. 

Analyte Concentration (mg/L) Equilibrium Phases 

Ca 15 O2(g) = 0.2 atm 

Mg 4.1 CO2(g) = 10
-2.5

 atm 

K 2.3 Fe(OH)3(a)
†
 

Na 6.3 Al(OH)3(a)
 ††

 

Cl 7.8 Goethite
*
 

HCO3 26 Gibbsite
**

 

SO4 3.7 Chalcedony 

Al 1.0e-6 Alunite 

Fe 1.0e-6 Gypsum 

Si 1.0e-6  

pH 7.0  

Temp. (°C) 12  
†
 Fe(OH)3(a) + 3 H

+
 = Fe

+3
 + 3 H2O;  log K25 = 4.89 

††
 Al(OH)3(a) + 3 H

+
 = Al

+3
 + 3 H2O;  log K25 = 10.80 

*
 FeOOH + 3 H

+
 = Fe

+3
 + 2 H2O;   log K25 = -1.00 

**
 Al(OH)3 + 3 H

+
 = Al

+3
 + 3 H2O;  log K25 = 8.11 

 

The equilibrium constraints used in the calculations included atmospheric O2(g) and 10 times 

atmospheric CO2(g) (Table 3).  The elevated level of CO2(g) is an estimate of what can be 

expected for subsurface systems where CO2(g) generation exceeds the rate at which it can 

escape.  Conditions of equilibrium with common secondary minerals were also specified for the 

calculations.  A set of calculations were conducted for conditions of equilibrium with the 

solubilities of amorphous Fe and Al hydroxides to represent the initial set of solids that might be 

expected to form as a result of pyrite oxidation.  A second set of calculations was conducted with 

goethite and gibbsite to represent the solids that would be expected to occur with time and to 

Mineral Granite 

Qtz 

Monz-

onite 

Monz-

onite 

Grano-

diorite 

Qtz 

Diorite Diorite Gabbro 

 --------------------------Weight Percent--------------------------------- 

Quartz [SiO2] 15 15 5 5 5 0 0 

K-feldspar [KAlSi3O8] 62 35 30.5 10 5 0 0 

Albite [NaAlSi3O8] 12.5 10 5 0 0 0 0 

Oligoclase [80%Ab+20%An] 0 27.5 45 42.5 28 15 0 

Andesine [60% Ab+40% An] 0 0 0 25 39.5 45 0 

Labradorite [40% Ab+60% An] 0 0 0 0 0 7.5 45 

Bytownite [20% Ab+80% An] 0 0 0 0 0 0 20.5 

Anorthite [CaAl2Si2O8] 0 0 0 0 0 0 5 

Biotite [KMg1.5Fe1.5AlSi3O10(OH)2] 4 5 5 8 4 2 2 

Hornblende [NaCa2Fe
+2

4Fe
+3

AlSi7O23(OH)] 4 5 5 2 5 5 5 

Augite [CaMg0.5Fe0.5Si2O6] 0 0 2 5 11 18 14 

Forsterite [Mg2SiO4] 0 0 0 0 0 5 6 

Total† 97.5 97.5 97.5 97.5 97.5 97.5 97.5 

Pyrite [FeS2] 0-3 0-3 0-3 0-3 0-3 0-3 0-3 
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provide some information on the sensitivity of the results to the equilibrium phase assemblage.  

For many of the calculations, conditions of saturation with the solubilities of gypsum, 

chalcedony, and alunite occurred.  When this happened, PHREEQC was used to maintain the 

solutions at exact saturation with these minerals so that the effects of their equilibria were 

included in the results (Parkhurst and Appelo, 1999), although they have only a minor effect on 

pH.  Under somewhat more acidic conditions (pH < 4 to 5) than those considered here, 

schwertmannite or jarosite, and basaluminite, or jurbanite may be more appropriate phases for 

controlling dissolved iron and aluminum concentrations, but their effects were not examined in 

the calculations presented here.   

Rock-Water System    

In a PHREEQC kinetics definition input file, the masses of reactants, such as dissolving 

minerals, are entered as molar amounts.  The default mass of water in a PHREEQC calculation is 

1 kg.  These two parameters define the default system in terms of moles of minerals per 1 kg of 

water.  Hence, rock-water systems, which contain both solid and water fractions, have to be 

normalized to this basis with an equation such as:  









































 


Mineral

Mineral

OH

solids
MineralOHkg

mole
content

g

mole

OHkg

OHg

porosity

porosity
FMineral

2

210001
)(

2

2 


    (8) 

where FMineral is the fractional content of the solid portion of the bulk rock comprised of a 

mineral (g mineral/g solids), porosity is the fluid-filled void fraction of the bulk rock (e.g., 0.35 

cm
3
 H2O/cm

3
 rock), ρsolids is the density of the solid portion of the bulk rock (e.g., 2.65 g 

solids/cm
3
 solids), ρH2O is the density of water (e.g., 1 g H2O/cm

3
 H2O), the 1000 g H2O/kg H2O 

is a conversion factor, and moleMineral/gMineral is the molecular weight of the mineral.  For 

example, if a rock contained 1 weight percent pyrite (Py), then the pyrite mineral content for 

PHREEQC would be: 

OHkg
mole

cm

g

cm

g

OHkg
mole

Pyg

pymole

kg

g

solidsg

pyg
Py

2

3

3

2
41.0

85.119

11000

0.1

65.2

35.0

35.0101.0






































 








  (9) 

Similar calculations were also conducted to obtain the initial contents of the silicate minerals 

using the weight percentages listed in Table 1.   

The final part of the rock-water system that had to be defined for the calculations was the 

surface area per kg H2O or (A/M) term in Eqs. (6) and (7).  To obtain surface areas, a number of 

assumptions were made.  First, surface roughness factors that can increase specific surface areas 

by 0.5 to 1.5 orders of magnitude over geometric values (White, 1995) were ignored.  This 

assumption was made on the basis that only the relative rates of reaction are important for 

determining effects on solution composition in calculations, whereas surface roughness factors 

might be expected to affect all rates in approximately the same amount, in effect, canceling each 

other out.  Second, it was assumed that the average size of the silicates was 120 μm.  The basis 

for this assumption is the work of Strömberg and Banwart (1999), who determined that 80% of 

the reactivity (pyrite oxidation and silicate dissolution) in fresh waste rock occurred in grains 

with diameter 250 μm or less through studies of water rock interactions at the Aitik mine in 

Sweden.  Hence, we made the assumption that a reasonable average size for the reactive grains 

was about one half of 250 μm or 120 μm.  With these assumptions, the surface areas were 
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calculated as follows.  Silicates other than biotite were assumed to have a cubic shape, which 

yields a specific surface area (SA) of 0.019 m
2
/g for a grain size of 120 μm, using the equations 

for geometric surface area from Hodson (2002), 

     





)(

][22

abc

acbcab
SA

g
m      (10) 

where a, b, and c are the dimensions of the particles and ρ is the mineral density.  Pyrite was also 

assumed to be cubic shaped with a grain size of 10 μm or about an order of magnitude less than 

the silicates based on our experience that sulfides are generally finer grained than the host 

silicates.  This assumption results in a specific surface area for pyrite of 0.12 m
2
/g.  Biotite was 

assumed to be plate-shaped with dimensions of 5x20x40 µm, which yields a specific surface area 

of 0.213 m
2
/g (Hodson, 2002).  Multiplication of the specific surface area by the mineral 

contents per kg H2O gives the surface areas per kg H2O, which is equal to the (A/M) term in the 

rate expressions (Eqs. 6 and 7). 

The above assumptions on grain size and surface area are important mostly for setting up a 

system framework to make calculations.  We wanted to use values that are reasonably 

representative of real systems knowing that exact representation of any one system is probably 

impossible.  However, the primary factor that controls the outcome of the calculations is the 

relative rate at which silicate dissolution and pyrite oxidation take place in response to solution 

conditions not the selections of grain size and surface area as long as reasonable assumptions are 

made about the relative difference in sizes of different minerals.  In this regard, the selection of a 

pyrite grain of 10 times less than the silicates is probably the most important assumption.  It is 

beyond the scope of this paper to investigate an effect of the relative grain sizes between 

different minerals, but it is mentioned here so that its importance is recognized. 

To summarize, the system modeled represents a rock or rock matrix that is fully saturated 

with water.  The rock matrix is comprised of individual minerals with an overall composition of 

different standard igneous rock types and with a single set of grain sizes.  The water is 

maintained at a condition of saturation with atmospheric oxygen and conditions of equilibrium 

with selected secondary mineral phases are maintained throughout the duration of the 

calculations.  The flow of water through the rock is not simulated, although the system modeled 

does provide a representation of the chemical evolution of either a stagnant or flowing system for 

the set of assumptions and reactions included in the calculations. 

Results and Discussion 

A series of rate calculations were conducted with PHREEQC for each of the rock types listed 

in Table 2 for a range in pyrite weight percent from 0.05 to 3.0%.  It was observed in the 

calculations that systems that went acidic generally did so within 10 years and systems that did 

not go acidic remained at a near steady-state pH until the pyrite was eventually consumed.  Also, 

we assumed that a time period of 10 years is a reasonable time frame for the initiation of acid 

mine drainage if it is going to occur.  At 10 years, the calculated pH values were recorded to 

yield plots of 10-year pH values versus weight percent pyrite in the initial mineral assemblage of 

each rock type.   

Two series of rate calculations were conducted to investigate the effect of selecting 

amorphous Fe and Al hydroxide secondary solids compared to their more crystalline, less soluble 
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counterparts of goethite and gibbsite.  The selection of secondary Fe and Al solids have been 

reported have a large effect on model results of oxidation and leaching in pyrite waste rock 

(Linklater et al., 2005).   Thus, one series of rate calculations was conducted for a condition of 

equilibrium with amorphous ferric hydroxide [Fe(OH)3(a), log K25 = 4.89] and amorphous 

aluminum hydroxide [Al(OH)3(a), log K25 = 10.8].  A second series of calculations was 

conducted for a condition of equilibrium with goethite [FeOOH, log K25 = -1.0] and gibbsite 

[Al(OH)3, log K25 = 8.11].  In systems with high pyrite contents, other secondary minerals 

comprised of various aluminum and iron sulfates might also be expected to form if very acidic 

conditions occur.  However, they are not expected to have as much effect on pH as aluminum 

and ferric oxyhydroxides.  Thus, for the purposes of this paper, we have limited the scope to 

examining the primary effects of aluminum and ferric oxyhydroxides on the results to provide a 

measure of the range of variability in the results that can be expected.  

The results of the calculations for both series of rate calculations were converted into curves 

that express the 10-year pH as a function of percent pyrite for each rock type (Figs. 2 and 3).  

The results for both series of calculations show that the 10-year pH decreases significantly as the 

weight percent pyrite is increased.  The major difference between the two series of calculations is 

that the 10-year pH values for conditions of equilibrium with goethite and gibbsite show a 

greater decline in pH at lesser amounts of pyrite than the calculations for equilibrium with 

amorphous  Fe and Al hydroxide.  This result is expected and is caused by the lower  solubilities  
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Figure 2.  Calculated pH after 10 years in equilibrium with Fe(OH)3(a) and Al(OH)3(a).  

(Monzonite and quartz monzonite plot on top of each other.)  
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Figure 3.  Calculated pH after 10 years in equilibrium with goethite and gibbsite. 

 

of goethite and gibbsite compared to the more soluble amorphous Fe and Al hydroxides.  The 

lower solubilities cause a greater removal of Fe
+3

 and Al
+3

 from solution by reactions such as: 

Fe
+3

  +  2 H2O  =  Goethite  +  3 H
+
     (11) 

Al
+3

  +  3 H2O  =  Gibbsite  +  3 H
+
     (12) 

and an associated greater release of acidity, resulting in the lower pH values in the calculations 

with goethite and gibbsite compared to the amorphous Fe and Al hydroxides. 

To obtain an approximation of the amount of acid buffering provided by the different rock 

types from the calculation results, the curves for each rock type were first examined to determine 

where they intersected a pH value of 5.  The significance of pH = 5 is that it provides a 

reasonable boundary for discriminating between systems that will become acidic because of 

pyrite oxidation and systems that will not.  In other words, if silicate dissolution is incapable of 

preventing a decrease in pH from neutral conditions to a value of 5, then it is unlikely to prevent 

further decline in pH and the system will become an acid rock drainage system.  In comparison, 

if the calculated pH after 10 years remains above 5.0, then the system is unlikely to become 

acidic over longer periods.   

The pyrite percentages at which the 10-year pH values became less than 5.0 in the rate 

calculations can be converted to acid potential (AP) using the standard formula of: 

AP  =  (Sulfide %) (31.25 kg CaCO3/ton rock)   (13) 

In Eq. (13), the percent sulfide in pyrite is equal to the ratio of sulfide-sulfur to the total 

molecular weight of pyrite [i.e., Sulfide % = (Pyrite %)(64/119.85)].  Because a 10-year pH 
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value of 5.0 is used here as convention for discriminating of acidic versus non-acidic conditions, 

the AP value is equivalent to the neutralization potentials (NP) of the different rock types.  The 

results of these conversions show that the more silicic rock types have very low NP values 

(Table 4).  In comparison, the NP values for the more mafic rock types, such as quartz diorite, 

diorite, and gabbro, are much higher and indicate that these rock types have the potential to 

provide significant neutralization potential.   

The data in Table 4 also show that the NP values for conditions of equilibrium with goethite 

and gibbsite are significantly lower than the values calculated for equilibrium with amorphous Fe 

and Al hydroxides.  The large difference in NP values illustrates the importance on modeling 

outcomes of the selections of secondary solids and indicates that there is range of potential NP 

values that is characteristic of any given rock-water system that may change over time as a 

function of the formation of different secondary minerals that are produced as a result of pyrite 

oxidation and neutralization by silicate mineral dissolution.   

 

Table 4.  Calculated total NP values for different rock types. 

 Equilibrium with 

Fe(OH)3(a) and Al(OH)3(a) 

Equilibrium with 

Goethite and Gibbsite 

 

Rock Type Pyrite (%) 

NP  

(kg CaCO3/t) Pyrite (%) 

NP  

(kg CaCO3/t) 

Granite 0.02 0.6 0.02 0.6 

Quartz Monzonite 0.16 2.7 0.12 2.0 

Monzonite 0.18 3.0 0.13 2.2 

Granodiorite 0.13 2.2 0.11 1.8 

Quartz Diorite 1.75 29.2 1.13 18.9 

Diorite 2.41 40.2 1.6 26.7 

Gabbro 3.00 50.1 1.75 29.2 

 

Table 5 shows a comparison of the calculated results to experimental results obtained from the 

literature for a few different rock types.  In general, the calculated results are comparable to the 

experimental results for the silicic rocks for which NP values are very low.  However, the 

calculated NP values are generally much higher than the experimental values for the more mafic 

rock types.  There are a number of potential reasons for the differences between the calculated 

and experimental results, including relative grain sizes, chemical conditions, times of reactions, 

mineral compositions, initial solution compositions, etc.  In addition, the rate laws used in the 

calculations are derived from experimental studies of reaction kinetics under conditions far from 

equilibrium.  As systems approach equilibrium, rates can be expected to slow (Lasaga, 1995).  

This effect is not accounted for in the rate calculations and may be another reason that the 

calculated NP values are greater than experimental results.  While the comparison indicates that 

the calculated values usually overestimate neutralization capacity for mafic rock types, the 

calculations do agree in general with the relative changes in neutralization potential that can be 

expected as a function of mineralogy.  The faster dissolving mafic silicates and calcic plagioclase 

minerals provide substantially more potential to mitigate pyrite oxidation and prevent acid 

drainage than the silicic rocks in agreement with experimental results (Jambor et al., 2000; White 

et al., 1999).   
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Table 5.  Comparison of calculated NP values to literature values. 

 

 

Rock Type 

NP Range 

(kg CaCO3/t) 

(This study) 

NP Range 

(kg CaCO3/t) 

(Jambor et al., 2000)
†
 

NP Range 

(kg CaCO3/t) 

(White et al., 1999) 

Granite 0.6 0.9-1.2  

Quartz Monzonite 2.0-2.7 1.1-1.5  

Monzonite 2.2-3.0 1.3-1.9 0.1-2.3 (Latite porphyry) 

Granodiorite 1.8-2.2 2.3-2.7  

Quartz Diorite 18.9-29.2 3.1-3.2  

Diorite 26.7-40.2 4.9-5.7 12-24 (Bytownite)
*
 

Gabbro 29.2-50.1 7.3-8.2 0.2-7.4 (Gabbro) 
†
 NP values calculated using Sobek- and Lawrence-NP values experimentally determined for individual 

minerals from Jambor et al. (2000) and weight percents of minerals from Table 2. 
*
 Values for single plagioclase composition equal to bytownite. 

 

Conclusions 

The rate calculations show the importance of the mafic mineral content for neutralizing 

acidity in that minerals, such as calcic plagioclase, forsterite, augite, and hornblende, may react 

rapidly enough to keep up with the rate of acid generation by pyrite oxidation under the right 

circumstances.  In contrast, felsic minerals, such as K-feldspar and albite, react too slowly to 

mitigate acid generation.  These results are in general agreement with experimental data, 

although the calculations tend to overestimate neutralization potentials of mafic rock types 

relative to experimental data.  The calculations also show the importance of secondary mineral 

formation in estimating neutralization potentials.  Systems in equilibrium with low solubility 

secondary solids, such as equilibrium with goethite and gibbsite, yield significantly lower 

neutralization potentials than system in equilibrium with amorphous Fe and Al hydroxides.  

Overall, the calculation procedures outlined here show that it is feasible to use geochemical 

models to estimate neutralization potentials through reaction rate calculations with little 

information other than estimates of the mineralogical content of the major rock types.  These 

procedures provide an efficient and inexpensive means to conduct scoping studies of likely pH 

conditions for carbonate-poor rocks that can be used to optimize sample selection for more 

detailed experimental testing or prediction of potential impacts from acid mine drainage in the 

absence of detailed experimental data.   
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