
Questa – DRA-31 Pyrite Oxidation and Acid Neutralization 

Geochimica, Inc. p 1 of 20 29-Jan-09 
 

1. DRA-31. SIMPLE MODELS OF ACID-BASE BALANCE: CONTROLS ON 
PYRITE OXIDATION AND NEUTRALIZATION BY CARBONATES AND 
SILICATES 

Mark Logsdon, Rev04  29-Jan-09 (reviewer A. Campbell) 

2. STATEMENT OF THE PROBLEM  

What are the critical controls on pyrite oxidation and subsequent acid-neutralization in 
pyrite-bearing, hydrothermally-altered igneous rocks near Questa, and how are these 
relevant to evaluation of mineral stabilities that could affect friction angle or cohesion? 
 
Objectives of the study include: 
 

• Developing simple simulations of pyrite oxidation under closed- and open-system 
oxygen flux. 

• Developing simple simulations of neutralization of acid derived from pyrite 
oxidation by reaction with calcite for a range of the calcite/pyrite ratios 

• Developing simple simulations of neutralization of acid derived from pyrite 
oxidation by reaction with aluminosilicates under equilibrium and kinetically-
controlled conditions.  

• Relating the simulation outcomes to observed behavior in the evolution of rock-
pile water chemistry as related to mineral-water interactions in Goathill North. 

 
3. PREVIOUS WORK 

The only previous related work on water chemistry in the rock piles was by URS (2002), 
in which URS considered water chemistry from the site in terms of activity/activity 
diagrams that treated total molalities of analytical components of rinse waters (not actual 
rock-pile waters) as if they were activities of free ions. 

Site-wide chemistry of ground and surface water has recently been evaluated in great 
detail by the U.S. Geological Survey (Nordstrom et al., 2005; Nordstrom, 2007).  
Nordstrom (2007) evaluates the observed water chemistry in light of water-mineral 
interactions and the hydrologic environments of the ground- and surface-water flow 
systems that the Survey research delineated.  The Survey reports comment generally on 
generation of acid-rock drainage by pyrite oxidation under a range of hydrogeologic 
conditions and the geochemical controls that can be expected as a consequence of 
reactions with gangue minerals. 

The geochemistry of acid-rock drainage is very well described in the literature.  Relevant 
expositions include Bethke (1996) and Nordstrom and Alpers (1999), each of which 
amply lists the older research literature.  Compilations of specialized research include 
Alpers and Blowes (1994), Blowes and Jambor (1994), and Jambor et al. (2003). 
Applications of geochemical modeling to rock weathering and acid-rock drainage are 
exemplified by Alpers and Nordstrom (1999), Zhu and Anderson (2002), and Nordstrom 
(2005).  
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Other DRAs related to aspects of water chemistry that are closely related to this 
document include dra-28 (Water Chemistry – Goathill Spring), DRA-29 (Conceptual 
Model of Hydrogeochemistry), DRA-30 (Simple Thermodynamic Models of Solution 
Chemistry), DRA-32 (Simple GeochemcialModel of Formation of Evaporite Crusts on 
Dump Surfaces), and DRA-33 (Inverse Mass-Balance Model - Goathill Spring). 

4. TECHNICAL APPROACH 

The water that seeps form GoathillNorth rock pile at Goathill Spring is a low-pH, high-
TDS, high-sulfate, high-dissolved metals water (DRA-28).  The low pH, high Fe, and 
high SO4 in solution are tracers for pyrite oxidation.  High Ca in acidic water derived 
from flow through rocks that initially contained calcite, implies dissolution of calcite 
without sufficient carbonate in the system to buffer the pH in the circum-neutral range.  
Elevated Si, Al, Mg, Na and K in the water imply silicate-mineral hydrolysis by the 
acidic solutions (see DRA-29).  

This DRA uses very simple, idealized models of pyrite oxidation and acid neutralization 
to provide insight into the processes, products, and to some extent, rates of chemical 
weathering of pyrite-bearing, hydrothermally altered, alumino-silicate rocks, such as 
those that exist in the Questa rock piles.    The modeling results are used to test 
hypotheses about controlling processes and the reaction products they generate in both 
the aqueous and solid phases.  The hydrogeochemical context of the models is that there 
is oxygen, water, and rocks that contain pyrite; the rocks also may contain calcite and 
alumino-silicate minerals that undergo hydrolysis by acid, represented for these simple 
simulations by K-feldspar; the water is moving through the rocks, with mass transferred 
from solid minerals to the aqueous phase during water:rock interaction.    

The modeling approach used in this study is based on the approach and uses the methods 
described by Bethke (1996, p. 331-338).  The calculations were made with the computer 
program React in the Geochemist’s Workbench suite of computer programs, release 6.0.4 
(Bethke, 2006).  These reaction models represent simple subsystems of flow of water 
through the porous medium of the rock pile.  The underlying modeling assumption is 
“local equilibrium”, the model assuming that fluids and solids reach chemical equilibrium 
in a stepwise manner as fluid moves through the connected pore space.  Fresh minerals 
react with the evolving fluid at each step in the reaction process, and minerals formed are 
mathematically isolated from the fluid packet; the model does the bookkeeping for mass 
“removed” over the whole flow path that is being modeled (Bethke, 1996; Figure 2.5, p. 
19).  The output of the model is a sequence of fluid chemistries and cumulative sums of 
solid products that may have precipitated along the flow path as the mobile fluid phase 
moved down the energy gradient through the rock pile.  The equilibrium-based models 
can be modified to account explicitly for kinetic dissolution or precipitation, provided 
one can estimate the appropriate characteristics for the kinetic expressions (Bethke, 1996, 
2006). 
 
For all the computations summarized here, we divide the reaction sequence into 100 
substeps, with each substep having the equivalent composition (i.e., the reaction space we 
are examining is homogeneous). Until we get to the final simulation, where we introduce 
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a kinetic function for dissolution of K-feldspar, absolute time is not tracked.  Rather, the 
reaction is evaluated in terms of “reaction progress”, which we typically represent in 
terms of proportional dissolution of a key reactant, for example, looking at pH change as 
a function of mass of pyrite oxidized.   
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The sub-models and their stepwise development are: 
 

• Initially, consider a system containing only pyrite and a groundwater that has 
equilibrated initially with oxygen, but is no longer in contact with atmosphere.  
Set the initial pyrite available for reaction at 6 g1 in the presence of 1 kg of water. 
 

• Calculate the reaction path for oxidation of pyrite in a system initially at 
equilibrium with atmosphere, but then closed.  Report results in terms of pH, 
fugacity of O2, and the masses of sulfate and iron and their aqueous complexes as 
a function of reaction progress of pyrite oxidation  [Figures 1 and 2]. 
 

• Fix the fugacity of O2 at atmospheric (i.e., consider that the system is open to 
oxygen; see DRAs-28 and -29), and repeat the simulation. Report results in terms 
of pH and aqueous activities as a function of reaction progress of pyrite oxidation  
[Figures 3 and 4]. 
 

• Repeat the open-system simulation for oxidation of pyrite, but add CaCO3 to the 
initial system.  Consider an initial of 12g (Fig. 5a) 6 g (Fig 5b), and 4 g (Fig 5c) 
of CaCO3 as calcite. Report results in terms of pH, aqueous activities, and also 
masses of minerals that could precipitate as a function of reaction progress of 
calcite and pyrite dissolution [Figures 5a, b, c, 6 and 7]. 

 
• Repeat the open-system oxidation simulation, but us K-feldspar, KAlSi3O8, as the 

neutralizing phase.  Set the initial mass of K-feldspar at 25 g.  In this simulation, 
allow the reaction to proceed to complete equilibrium at each interval of reaction 
progress (the local-equilibrium assumption). Report results in terms of pH and 
also masses of minerals that could precipitate as a function of reaction progress 
of pyrite oxidation and neutralization by K-feldspar, and major changes to the 
solution chemistry  [Figures 8, 9, and 10]. 
 

• Repeat the open-system oxidation simulation, but set the dissolution of KAlSi3O8 
using a kinetic rate expression due to Lasaga (1998) as described by Zhu and 
Anderson (2002).  The simulation runs for 100 years, and the results are plotted 
in terms of the evolution of pH and the mass of minerals formed by the 
kinetically-controlled K-feldspar dissolution.  An additional plot, at an expanded 
scale is included to examine the early-time behavior (to Year 30 of the 
simulation) in this simulation [Figures 11, 12, and 13]. 

  
• Consider the results of the numerical experiments in light of observed water 

chemistry at Goathill Spring (DRA-28) and QRPWASP data on mineralogy in the 
Goathill North rock pile and the nearby hydrothermal alteration scars (DRA-29).  
 

                                                 
1 This is slightly more than the 1 cm3 used by Bethke (1996), and was calculated externally to this report to 
represent a concentration of about 0.1 wt % in the hypothetical rock mass.  As shown in DRA-33, this is 
approximately the percentage of pyrite that is dissolved per year over the Goathill rock pile to produce the 
observed mass of sulfate that discharges annually.  
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5.  CONCEPTUAL MODEL 
 
These simple models are intended to look at processes and products, and are not 
established as simulations of the complex environment of a specific rock pile.  Such 
simulations of a flow and reactive-transport system intended to represent a rock pile 
similar to Goathill North are the domain of DRA-38 and the component DRAs (DRAs-
34, -35, -36,and -37) that support it.  The conceptual model for the numerical experiments 
of DRA-31 is extremely simple: a system with no real-world, natural boundaries contains 
1 kg of water and specified masses of designated minerals.  Oxygen, as O2 (g) is 
introduced, and that oxygen exchanges rapidly with water, so that the dissolved oxygen 
concentration of the water is set by the fugacity of O2 in the atmosphere.  We vary (in the 
first two simulations only) whether the system is closed or open to O2; in subsequent 
simulations we assume that the system is open, as we have conceptualized for the rock-
pile system in DRAs-28 and -29.  Reactions are controlled by the thermodynamic 
potentials of the relevant components for the designated systems.  For the final 
simulation, we introduce the possibility of a kinetically-controlled rate for dissolution of 
alkali feldspar, as this is widely interpreted to be the case for near-surface weathering 
(e.g., Brantley, 2005). 

The conceptual model of water chemistry in Goathill North is presented in detail in 
companion DRAs-28 and -29.  Please DRA-29 for a detailed analysis of the 
hydrogeochemical setting of the rock piles and DRA-15 for the hydrogeologic behavior 
of a rock pile similar to GHN. 

The conceptualization of the computational computer model for calculating the 
distribution of species needed to determine the relevant activities is described in 
Nordstrom and Alpers (1999) and in great detail in Bethke, 1996.  The computer model 
React (Bethke, 2006) uses Debye-Hückel theory applied to a generalized ion-association 
model for aqueous chemistry, and the modeler chooses the thermodynamic database best 
suited to the problem; for this DRA, we used the LLNL database that is standard with 
React.  As shown in DRA-29, WATEQ4F and the LLNL databases return equivalent 
results in terms of processes and products, and using the LLNL database allows rapid 
benchmarking of the test results against similar problems analyzed by Bethke (1996). 

6.   STATUS OF PYRITE OXIDATION AND ACID-NEUTRALIZATION 
EVALUATIONS  

 
6.1  Data 
 
In the example that stimulated these calculations,  Bethke used a hypothetical, dilute and 
mildly alkaline ground water (pH 6.8 and HCO3

- = 75 mg/kg).  To maintain some 
verisimilitude with the Questa site, we chose a site-specific groundwater that represents a 
possible chemical evolution in the Questa system.  The selected water (data from 
Nordstrom, 2007) is for shallow groundwater well SC-08A: 
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Table 1  Analyzed Water Chemistry SC-08A (Nordstrom, 2007).  Concentrations in 
mg/L, except temperature (oC) and pH (su) as shown. 

 
Parameter Value  Parameter Value 
T 25 C  SiO2   12.9 
pH   6.63 su  Al     

0.001 
Dissolved O2   6.1  Fe     

0.001 
Ca 52  F     0.26 
Mg 11  Cl     2.93 
Na   5.7  HCO3   64 
K   1.01  SO4 119 

  
Using React to speciate the water, we elected to achieve ion balance using Cl.  This 
required changing the Cl concentration to 20.5 mg/L, but this has no effect on the nature 
of the solution (no chloride minerals are remotely close to saturation), and there are many 
groundwaters in the district with approximately 20 mg/L Cl.  Rather than use the 
measured dissolved oxygen value, we followed Bethke’s approach and set the oxygen 
fugacity at 0.20 atm; for an assumed temperature of 25 C, the saturation dissolved oxygen 
in this specific chemistry is 8.06 mg/L, which we consider very close to the observed 
value for SC-08A.   
 
6.2  Results 
 
6.2.1  Closed versus Open System Oxidation of Pyrite; No Mineral Buffers 
 
Figures 1 through 4 show the important difference for the evolution of solution 
chemistry, depending on whether the system is closed or open to oxygen, when the only 
source of acid neutralization is provided by the bicarbonate alkalinity of the local 
groundwater.  The initial oxygen is very rapidly depleted by oxidizing the pyrite, after 
which no further reaction occurs. In this case the available alkalinity in solution is 
adequate to buffer the pH with only a small change in pH (Figure 1), and the change in 
solution chemistry is very modest, with almost all the dissolved sulfate remaining as 
SO4

2- (Figure 2).  However, if the system remains open of atmospheric oxygen, pyrite 
oxidation continues, the pH falls rapidly to very low values (< pH 2), and the solution 
chemistry evolves rapidly to a Fe-SO4 solution with extensive complexation (Figures 3 
and 4).  
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Figure 1  pH Evolution: Closed System Oxidation of Pyrite (6 g Py; SC-8a: 64 mg/L 
HCO3

-) 
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Figure 2  Production of Aqueous Species – Closed-system oxidation 
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Figure 3  pH Evolution: Open System Oxidation of Pyrite (6 g Py; SC-8a: 64 mg/L 
HCO3

-) 
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Figure 4  Production of Aqueous Species – Open-system oxidation.  Note complex 
solution chemistry compared to Figure 2 as more Fe3+ and SO4

2- are generated. 
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6.2.2  Open System Oxidation of Pyrite with Acid-Neutralization by Calcite 
 
Figures 5 (a through c), 6, and 7 trace the system behavior if acidity generated by 
oxidation of pyrite in an open system can react with calcite.  The reaction of calcite with 
acid is fast enough that treating the reactions as at equilibrium is a fair model.  When the 
mass of calcite is adequate, the pH can be maintained in the near-neutral range (Figure 
5a), but Figures 5b and 5c show that the pH (and inferentially the rest of the solution 
chemistry) depends very sensitively on the Calcite/Pyrite ratio.  The solution pH in the 
absence of sufficient calcite to buffer the acidity being produced by pyrite oxidation will 
rapidly approach that which evolves in a system without solid calcite.  When the pH is 
circum-neutral and the system is sufficiently oxidized to make ferric ion (Fe3+) the 
dominant form of dissolved iron, then the low solubility of ferric hydroxides and 
hydroxysulfates will limit Fe-SO4 complexation in solution, and the dominant form of 
dissolved S will be as SO4

2- (Figure 6).  The high activity of SO4
2-, plus the increased 

activity of Ca2+ that comes from dissolution of CaCO3, produces a solution that reaches 
saturation with calcium sulfate, as gypsum (CaSO4.2H2O).  The generation of jarosite 
[KFe3SO4)2(OH)6] and gypsum as reaction products is shown in Figure 7. 
 
Figure 5a   pH Evolution: Open System Oxidation of 6 g Pyrite with 12 g Calcite.  

Compare Fig 3, also Figs. 5b and 5c for Sensitivity of Calcite/Pyrite 
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Figure 5b   pH Evolution: Open System Oxidation of 6 g Pyrite with 10 g Calcite.  
Compare Figs. 3, 5a and 5c for Sensitivity of Calcite/Pyrite. 
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Figure 5c   pH Evolution: Open System Oxidation of 6 g Pyrite with 6 g Calcite.  

Compare Figs. 3, 5a, and 5b for Sensitivity of Calcite/Pyrite. 
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Figure 6  Production of Aqueous Species – Open-system oxidation of Pyrite with Calcite.  
The declining trend of SO4

2- after reacting 1 g of Calcite is due to saturation 
with gypsum, thereby depleting the solution in SO4

2- as CaCO3 continues to 
dissolve 
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Figure 7  Changes in Mass of Mineral During Open-System Oxidation of Pyrite with 

Dissolution of Calcite and Precipitation of Gypsum and Ferric Hydroxide. 
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6.2.3  Open System Oxidation of Pyrite with Acid-Neutralization by K-feldspar at 
Equilibrium 

 
QRPWASP mineralogical studies of unaltered rocks, as well as prior petrographic work, 
show that both pyrite and calcite are present in the hydrothermally altered rocks of the 
Questa region (DRA-29).  The widespread presence of gypsum and jarosite in the Questa 
rock piles and alteration scars is strong mineralogical evidence that the fast-reacting 
(pyrite + calcite → jarosite +gypsum) system is effective over the 25 - 40 year history of 
the rock piles.  If calcite is the limiting reagent, as seems to be the case based on site 
petrography (see DRA-29, Table 2), then the pH of infiltrating groundwater will continue 
to fall once the calcite is exhausted (Figure 5c), and any further acid neutralization must 
derive from reaction between the sulfuric acid of pyrite oxidation and alumino-silicate 
minerals.  To provide heuristic insight into this potential mechanism and its importance in 
the rock piles, we consider a simple initial case: reaction with K-feldspar.  This reaction 
was discussed in terms of the hydrogeochemical conceptual model for the Questa rock 
piles in DRA-29, section 5.4: 
 

 KAlSi3O8(s)  +  4 H+(aq)  →  K+(aq) + Al3+(aq)  +  3SiO2(aq)  +  2 H2O 
 K-feldspar    
 
The observational and theoretical basis for preferring this form of the reaction to the more 
familiar one for hydrolysis subsequent to reaction with carbonic acid and kaolinite: 
 
KAlSi3O8(s) + 2H2CO3 (aq) + H2O  →  Al2Si2O5(OH)4(s) + 2K+(aq) + 2 HCO3

-(aq) + 4SiO2(aq) 
K-feldspar     + Carbonic acid            Kaolinite          Bicarbonate ion 
 
is discussed in DRA-29.  However, we repeat the incongruent reaction here to emphasize 
that kaolinite could be a stable reaction phase when the solution chemistry has a high 
enough pH, greater than pH 5.5 to 6, perhaps (see also Nordstrom, 2007). 
 
The initial model for water-rock interaction assumes, as did the fast-reacting calcite 
model, that there is local equilibrium at each stage of the simultaneous oxidation of pyrite 
and dissolution of K-feldspar.  The results of this model are presented in Figures 8 (pH) 
and 9 (mineral production).  Note that if K-feldspar could fully equilibrate quickly with 
the acidity from the oxidizing pyrite, the final pH would fall only to about pH 4.5.  In the 
modeled equilibrium system, kaolinite forms continuously over the reaction and at all pH 
values, as does amorphous silica2.  Very early in the reaction Fe(OH)3 is the stable ferric 
phase, but soon the pH falls low enough that jarosite is the stable ferric mineral as K+ is 
released to solution by dissolution of the K-feldspar (Figure 10) and Fe and SO4 from 
oxidation of pyrite under the buffered atmospheric fugacity.  
 

                                                 
2 Note that for this model, the aqueous activity of Al3+ remains high with respect to Al-SO4 complexes (Figure 
10).  Compare the discussion of distribution of species and Al complexation in DRA-30 for GH Spring water.  
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Figure 8  pH Evolution: Open System Oxidation of 6 g Pyrite with 25 g K-Feldspar as 
Equilibrium Reactant.  Note long-term approach to pH ~4.5 as K-feldspar 
reacts. 
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Figure 9  Production of Aqueous Species – Open-System Oxidation of 6 g Pyrite with 25 

g K-feldpar Reaction.  Note production of kaolinite by incongruent dissolution 
over the full simulation  in the pH range documented in Fig. 8 
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Figure 10  Aqueous Speciation, Open System Oxidation of Pyrite with K-feldspar as 
Equilibrium Reactant 
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6.2.4  Open System Oxidation of Pyrite with Acid-Neutralization by Kinetically-

Controlled  Dissolution of K-Feldspar 
 
The final model in this set of simple heuristic models removes the restriction that K-
feldspar dissolves at equilibrium, and considers the much more reasonable case that 
feldspar dissolution would occur kinetically (Lasaga, 1998; Brantley, 2003).  The purpose 
of this simple analysis is primarily to investigate the probably nature of the pH response 
and the impacts on secondary minerals that would be observed in rock-pile fragments if 
such reactions as these occurred with kinetic dissolution, rather than equilibrium at all 
steps.  We use a kinetic rate constant for K-feldpar dissolution from Lasaga (1998) as 
compiled in Zhu and Anderson (2002, Section 11.3, p. 23-238): 5.50 E-17 mol/cm-2.s-1, 
and for simplicity assume a surface area for K-feldspar of 1000 cm2.g-1.   There should be 
no important difference in these factors whether the alkali feldspar available for reaction 
is K-feldspar (microcline) or Na-feldspar (albite), both of which are present in the Questa 
rocks. 
 
Key results are shown in Figures 11 (pH), 12 (minerals produced over the full 100-year 
simulation) and 13 (minerals produced over first 30 tears of simulation).  The pH 
evolution is comparable to that for the numerical experiment with no mineral buffer (Fig. 
3), because so little K-feldspar dissolves per unit time that the well-buffered acidity from 
pyrite oxidation dominates the total acid-base balance of the solution.  Because the 
solution rapidly falls below pH 4, the stable reaction-product minerals are jarosite and 
amorphous silica (Fig 12; see also DRAs-29 and -30).  It is important to look closely at 
the very early-time behavior.  As shown in Figure 13, kaolinite is predicted to form in the 
first 2 years or so, but then dissolves; this corresponds with the pH data for early time 
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(Fig 11).  Figure 13 also shows that the system passes through a period, at higher pH, in 
which Fe(OH)3 is stable in preference to jarosite. 
Figure 11 pH Evolution: Open system Oxidation of Pyrite with Kinetic Dissolution of K-

Feldpsar, for a 100-Year Reaction Period.  Compare Figs. 1, 3, 5, and 8. 
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Figure 12   Mass of Minerals Precipitated during Kinetic Reaction, 100-Year Period.  See 

also Figure 13 for details of early-time behavior. 
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Figure 13  Early-Time Behavior of Mineral Precipitation During Kinetic Reaction of K-
feldspar, 100-Year Period.  See Figure 12 for full 100-year behavior.  Note that 
kaolinite and ferric hydroxide are transient phases that are stable only in the 
very early history of the modeled reaction, until pH falls < 4. 
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6.3  Consistency of the Modeling Results with the Conceptual Model 
 
Water flowing from the rock pile at GH Spring is a low-pH solution, high in SO4

2- (and 
balancing cations) and  saturated in gypsum, jarosite, and amorphous silica; the solution 
has a distribution of species dominated by complexation between trivalent metals (Al3+, 
Fe3+) and SO4

2- (DRA-28, -29).  Of the very simple models tested here, the observed 
seepage chemistry most closely shows relationships to (a) open-system oxidation of 
pyrite, with (b) dissolution of a small relative mass of calcite (to produce the Ca2+ 
represented by the gypsum and Ca in solution without buffering the pH above 4), and (c) 
a strong kinetic control on reaction of alumino-silicates (to produce Al, Si and other 
components in solution without buffering the pH near 4.5).  These trends, and the causal 
influences that can be inferred from considering the heuristic models, strongly support 
the conceptual hydrogeochemical model presented in DRA-29.  The kinetic model 
supports the model representation of a rapid evolution of the pore-water chemistry to the 
low-pH, high dissolved solids solution capable of producing substantial jarosite as a 
secondary, cementing agent in time periods less than 40 years. 
 
6.4  Assumptions 
 
The major assumptions of this analysis are that (a) the water analyses form GH Spring 
and the petrographic analyses of the rock-pile and scar samples are sufficiently accurate 
and precise to be useful, and (b) the local-equilibrium and kinetic modeling in the flow-
through mode are an appropraite conceptualization of water-rock interaction in a rock 
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pile.  We also assume that the thermodynamic data used in the computer calculations are 
reliable.   
The water chemistry has been developed under established quality-assurance and quality 
control programs at laboratories that have records of reliable analytical chemistry.  There 
is substantial consistency in petrographic descriptions between different petrographers, 
and at the level of these models, there is little question that the mineral identifications 
cited here (goethite, jarosite, gypsum) are accurate.  The LLNL thermodynamic database 
used in the calculations of this DRA has a long record of application in peer-reviewed 
studies; comments on the data for “nontronite” are provided in DRA-29, but are not 
important for this analysis.    
 
The assumption of local equilibrium has been central to geochemical evaluations of 
water-rock interaction since the pioneering work of Garrels and Mackenzie (1967).  
Whereas more complex approaches to numerical modeling of water-rock interactions are 
now available (see DRA-38; Nordstrom, 2005), the ability to characterize the flow and 
transport properties of real-world systems on the scale of a mine rock pile in ways that 
allow parameterization for realistic simulations is limited, and certainly is not available 
for Goathill North.  Insights into geochemical processes and products using the simpler, 
but less rigorous methods of the flow-through model and local equilibrium remain useful. 
 
6.5  Major Results Affecting  Understanding of Mineral Stabilities in the Rock Pile 
 
The results of these very simple, heuristic models strongly support a rock-pile-scale 
model in which coatings on rock fragments by jarosite (+/- goethite), gypsum, and 
amorphous silica (if it can be identified) derive from the open-system behavior of the 
fast-reacting suit of minerals. The Fe-SO4-H2O-SiO2 in the secondary coatings is derived 
from some reaction that occurs energetically upgradient of the locus of the precipitation.  
There is no necessity, or even probability, that the source of the surficial products is the 
rock fragment itself.  For rock piles in which air can readily circulate (DRA-6; DRA-15; 
DRA-29), which contain several weight percent pyrite and only about 1 wt% calcite (e.g., 
DRA-29, Table 2) and that are more than a few years old, pyrite oxidation will proceed 
readily and the available calcite will not be able to neutralize the acidity that is generated 
by the pyrite oxidation.  The rapid decline in pH to values below 4 will produce an 
aqueous system in which Al3+ cannot hydrolyze, therefore preventing incongruent 
dissolution that would produce newly formed kaolinite.  Kaolinite and other clay 
minerals present in the rock as a result of its hydrothermal alteration would tend to 
dissolve (although their kinetics may be sufficiently slow that they persist metastably for 
very long periods.   With kinetic dissolution of silicates (Brantley, 2005), the reaction 
path for the oxidation of pyrite is too fast and has too great a magnitude to be buffered by 
the rest of the mineralogy to chemistries that are compatible with clay formation for more 
than a very short while, probably on the order of a few years based on these types of 
calculation. 
 
 
7.  RELIABILITY ANALYSIS 



Questa – DRA-31 Pyrite Oxidation and Acid Neutralization 

Geochimica, Inc. p 18 of 20 29-Jan-09 
 

The principal technical uncertainty in this analysis is the extent to which the water 
chemistry obtained from a saturated zone deep in the pile represents the unsaturated-zone 
pore water in shallower parts of the rock pile.  Please see DRAs 28 and 29 for further 
discussions of this matter.  At this time, we consider that the balance of the geochemical 
evidence is that the geochemical results of open-system oxidation and transport of 
reaction products calculated here apply to almost all of the rock pile for all times beyond 
a few years to perhaps a decade. The exception to these reactions as controlling would be 
very shallow zones of fine-grained, soil-like material at and near rock-pile surfaces that 
undergoes high rates of evaporation.  In this micro-environment hyper-saline conditions 
develop due to high rates of evaporation within the capillary zone and large volumes of 
gypsum and ultimately Mg-sulfates are expected to cyclically precipitate and redissolve 
(DRA-32).  

The best approach to resolving the residual uncertainty about vadose-zone water 
chemistry and its implications for clay-mineral stability would be to develop a technique 
for sampling unsaturated-zone water (for example via suction lysimeters in fine-grained 
zones) for direct chemical analysis. 

One reviewer of this DRA objected to the geochemical conceptualization of the model 
based on local equilibrium because it does not reproduce a period of carbonate buffering 
in the early history of water-rock interaction, followed by declining pH.  Although we 
have not designed and implemented a simulation that shows this effect (the reaction 
models for pyrite and calcite are modeled in reaction-progress space, not time), the matter 
can be addressed qualitatively by considering (a) the three simulations at different 
Pyrite/Calcite ratios [Figures 5 a, b, and c] and (b) the early-time mineralogy in the 
kinetic model for K-feldspar dissolution [Figure 13].  Whether the amount of calcite 
present is capable of buffering the solution pH depends on (a) the relative proportions of 
pyrite and calcite, and (b) the relative reaction rates of the two.  As shown in Figures 5a 
and 5b, if excess calcite (to pyrite) is present, the solution pH will be moderated.  
Furthermore, as Figure 13 shows (though not for calcite), for any reactions that have 
kinetic components (and even pyrite oxidation and calcite dissolution do), there may be a 
time-domain response that is not captured by the reaction-progress variable approach 
used for early models in this DRA.  In any event, for a conceptual starting point of 
“today’s” conditions (2003-2008), the drainage from Goathill North at Goathill Seep is 
very low pH, and there are low paste-pH values measured form rock surfaces widely 
distributed in the rock pile (DRA-6).  If there was a large-scale buffering of pH early in 
the history of the rock pile, the solution chemistry has evolved beyond that state. 

Based on weight of evidence from solution chemistry and observed mineralogy of rock-
surface coatings in the pile, we consider that the flow-through model based on local-
equilibrium considerations is well suited to understanding the basic processes and 
products of water-rock interaction in the Questa rock piles.  More realistic simulations of 
the time-dependent evolution of GHN need to be addressed using the tools of DRA-38. 

8.  CURRENT CONCLUSION 
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Based on current thermodynamic calculations, it is highly likely that water chemistry in a 
mined rock pile such as that at Goathill North would evolve rapidly (over periods of a 
few years to a few decades) to low-pH, high sulfate solutions that would dissolve, not 
precipitate clay minerals.  These reactions arise because of the rapid oxidation of pyrite in 
a system that is open to oxygen, for all rock types (such as the Questa rock piles) that 
have a relatively small reservoir of carbonate minerals.  Such waters have the potential to 
precipitate secondary cements (ferric hydroxides and hydroxysulfates and silica).  Such 
mineralogical outcomes would be unlikely to reduce internal friction by producing new 
clay minerals. 
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