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DRA-36: MODELING OF HUMIDITY CELL DATA 
 

E. Trujillo, S. Sunkavalli, M. Niewiadomski, Y. Li 
 
 
1. STATEMENT OF PROBLEM: 

Can an isothermal simple mathematical model of the humidity cell be developed that 
predicts the weekly leachate water chemistry and be used to determine the apparent 
kinetic constants and effective surface areas for weathering of a particular Questa 
rock pile sample?  How can that model be used to predict mineralogical changes for a 
particular rock pile sample into the future? 

Can a TOUGHREACT humidity cell model be developed that not only predicts 
the weekly leachate water chemistry but that can also predict the temperature changes 
observed in humidity cell testing and can apparent kinetic constants and effective 
surface areas be determined using this model? 

 
2. PREVIOUS WORK: 
Although there have been numerous studies involving humidity cell or column testing, 
papers describing the modeling of those results have been relatively few.  Many of the 
papers consider only pyrite oxidation, fewer still have considered several coupled 
geochemical reactions and the effects of drying. While there is an extensive literature on 
field models which is described in DRA-38, not very many of these field models have 
been used to describe humidity cell results.  Many articles on modeling have been cited in 
previous reports (Trujillo, 2005; Trujillo; 2006; Trujillo, 2007, White, 1994; White, 2002; 
Brinker, 2003).   

Several investigators have studied heap leaching, a related process in which the 
goal is to maximize pyrite oxidation in order to make the bioleaching of certain metals 
more efficient (an extreme case of ARD). Although an extensive review of that literature 
will not be given here, one interesting column study (20.3 cm in diameter and 1.5 meter 
in height) by Lin and Miller (Lin, 2005) found that there was a significant reduction in 
total volume (although not reported, pictures indicate a change in height) after 
bioleaching and that the permeability of the column was reduced due to the migration of 
fines down the column (formed a cone near the bottom center of the column) and that 
most of the saturated flow occurs in a small fraction of the available pore space. They 
attempted to model the flow using lattice-Boltzmann techniques.  Obviously the 
conditions in a rock pile are much different from those of a heap leach pile (saturated 
conditions) and it is not clear if conditions in a rock pile will ever reach those of a heap 
leach pile. 

Another interesting study on humidity cell modeling was reported by U. Mayer in 
his study of the Huckleberry Mine waste rock (Mayer, 2007).  An isothermal reactive 
transport model, MIN3P, was used to simulate experimental data from six humidity cells 
over a period of 12 years. The model, to our knowledge, did not include a drying phase, 
and used a constant average flow rate.  Kinetic expressions were used to describe the 
dissolution/precipitation of mineral phases with the rate constants based on an empirical 
function of the initial and current mineral compositions. Although there were some 
problems with calibration due to the lack of certain mineralogical data, one of the 
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conclusions was that “the mineralogical analysis provided little and somewhat conflicting 
information on silicate weathering” and thus the model could not be validated for silicate 
minerals. 

Still another interesting study was conducted by Acero et al. (Acero, 2007). They 
studied the drying of tailings (11.6% pyrite, 20% muscovite/illite, 3.7% gypsum, 4.7% 
Clinochlore, 4.5% Albite, 51.6% quartz and other minerals) in laboratory columns (14.2 
cm diameter by 29 cm in height) in a 125 day period and found that evaporation caused a 
crust to be formed not only at the top of the column but into the pores of the underlying 
rock material.  The crust composition, as determined by XRD, consisting mostly of 
efflorescent, water-soluble sulfates (gypsum, rozenite, hexahydrite and others) and 
decreased the evaporation rate of the columns. They also found that water vapor flowed 
from the top of the column to the colder bottom part and condensed, thus diluting the 
pore water at the bottom. 
 
3. TECHNICAL APPROACH 
The approach that was finally used was to develop two geochemical models of the 
humidity cell experiments by: 
1) modifying  the existing isothermal one-dimensional University of Utah humidity cell 
model of the weekly cycle to include the critical geochemical and biological reactions 
specific to Questa rock pile weathering,  
2) developing a one-dimensional TOUGHREACT model of the complete weekly 
weathering cycle including energy balances in addition to the critical geochemical and 
biological reactions.   

The development of a TOUGHREACT model was a fairly new objective and was 
recommended by the ADTI review committee in 2008.  This would enable an easier 
transition to the development of a TOUGHREACT field scale model and allow 
calibration of the TOUGHREACT software using laboratory data from a number of 
Questa rock pile samples.  By calibrating our models using laboratory data obtained from 
actual Questa rocks with different lithologies and mineralogies we hope to obtain better 
estimates of the critical kinetic parameters and effective surface areas for field scale 
models. 

The Weathering Index Committee at the beginning of Phase II of this project 
determined the important geochemical reactions for Questa rock piles and, hence, 
directed the geochemical modeling work to focus on those reactions and species (see 
Trujillo’s 2005, 2006 and 2007 annual reports) for the isothermal model. Many of those 
earlier reactions involved kinetic constants and an effective reactive mineral surface area 
that could be obtained by matching the models’ predictions with experimental data. 
Mineralogical rate constants were taken from the literature as much as possible (Appelo, 
1999; Blum, 1995; Brandt, 1995; Bowser, 2002; Drever, 1995, Kalinowski, 1996; 
Kalinowski, 1998; Kohler, 2003; Lapakko, 2003; Lasaga, 1998; McKibben, 1986; 
Nicholson, 1994; Nordstrom, 1997; Wiersma, 1984).  A summary of those rates and rate 
expressions will be provided in the final report.  Preliminary results from the University 
of Utah model using humidity cell data from Robertson Geoconsultants showed that it 
was possible to match humidity cell data for all six of the Robertson samples over the 42 
week period (Trujillo, 2005; Trujillo, 2006). 
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Based on more recent geochemical modeling done within the project, additional 
reactions were added in 2008 to account for the complexation of aluminum which would 
affect the formation of secondary clays.  This additional complication resulted in the 
addition of even more reactions.  The current list of reactions to be used for the 
isothermal model is given in Table A-1 in the appendix and the number may increase to 
account for soluble sulfates.  Reactions were to be added in a priority fashion, starting 
with the two simple reactions of pyrite oxidation and calcite neutralization. However, due 
to time constraints, development of the University of Utah isothermal model was 
postponed indefinitely and work was concentrated on the TOUGHREACT model which 
could accommodate many geochemical reactions from a built-in database. 

The TOUGHREACT humidity cell model contains a thermodynamic data base 
from which to choose and thus can include many more reactions and chemical 
complexes.  However, as mentioned in another DRA (DRA-38), there are some severely 
limiting conditions on what types of reactions are considered and which reactions are in 
the database. In fact, some of the reactions in the database were incorrect; the dissolution 
of jarosite for example.  This model is currently being developed and the current number 
of species and complexes is given in Table 1 in the section below.  Several modifications 
of the TOUGHREACT code had to be made in order for the program to adequately 
consider several important mechanisms, such as the addition of the heats of reaction to 
the energy balance.  A full description of those modifications is given in DRA-38. 
 
4. CONCEPTUAL MODELS 
University of Utah Humidity Cell Model 
The feasibility of creating a humidity cell model has already been demonstrated for other 
rock samples with similar reactions, but creating a model using all the geochemical and 
biological reactions deemed necessary for the Questa rock piles was a challenge. The 
model would enable predictions of the change in mineralogy over long periods of time, at 
least under laboratory conditions, thus giving insight into what might be possible under 
field conditions. The first conceptual model that was developed was one that has been 
used for other rock samples and developed at the U of U.  This model represents the 
humidity cell as 11 nonideal CSTRs (Continuous Stirred Tank Reactors)  in series and is 
described in more detail elsewhere (White, 1994; White, 2003).  This model used 15 
different minerals, 21 different reactions and 37 different species to describe the 
geochemical weathering reactions and was used in the early phase of this project. 
 
TOUGHREACT Humidity Cell Model 
The TOUGHREACT program has many capabilities for handling different geometries, 
reaction rates and species and is coupled with a rather extensive thermodynamic database 
(EQ3/6), but it is rather difficult to implement in practice and has some limitations. 
Nonetheless, by creating a simple one-dimensional model of the humidity cell we will be 
able to understand how the many different geochemical reactions interact with each other 
and determine how many species we might be able to include in our field model and still 
have a reasonable runaround time between computer runs. Thus, we will be able to 
understand a simple TOUGHREACT geochemical model and then use that experience to 
build a much more complex field model. 
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We considered a one-dimensional humidity cell model with no flow as a basic 
system for studying the chemical components and reactions using TOUGHREACT.  
Later, other TOUGHREACT models can be developed that include the weekly leaching 
phase and the drying phase.  However, other COMSOL models simulating the humidity 
cell model under those conditions have already been developed as outlined in DRA-37, 
although they do not contain all the reactions and species that are in this model. Thus, 
while a TOUGHREACT humidity cell model will be difficult to calibrate using humidity 
cell data due to the cyclic nature of the testing procedure, it can help us understand the 
geochemical reactions and the interactions of all the chemical species that might be 
important in the weathering process. 

The humidity cell (10 cm X 8.4 cm) was divided into 20 grid elements, which are 
in disc shape. Top and bottom elements are exposed to the atmosphere and the sides are 
insulated (see Figure 1). A more complete description of the model will be given in the 
final report. 
 

 
 
Figure 1. A schematic of the one-dimensional TOUGHREACT humidity cell model. 
 
 

Below is tabularized list of the full suite of primary species (14), aqueous 
complexes (54) and minerals (15) and gases (2) that are present in the TOUGHREACT 
thermodynamic database and that will be used in the model. Note that H2O(g) is handled 
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by Tough2v2 (a component of TOUGHREACT) and we do not need to declare it in the 
TOUGHREACT input file. 
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Table 1. Current list of aqueous species, complexes, minerals and gases (85 total) 
included in the one-dimensional TOUGHREACT humidity cell model. 
'PRIMARY 
AQUEOUS 
SPECIES' - 
14 

'AQUEOUS COMPLEXES' - 54 'MINERALS' 
- 15 

'GASES' 
- 2 

'h2o' 
'h+' 
'ca+2' 
'mg+2' 
'na+' 
'k+' 
'fe+2' 
'fe+3' 
'sio2(aq)' 
'hco3-' 
'so4-2' 
'alo2-' 
'f-' 
'o2(aq)' 
 

'oh-'   
'al+3' 
'aloh+2'      
'al(oh)2+' 
'al(oh)3(aq)' 
'al(oh)4-' 
'al(so4)2-' 
'alf+2' 
'alf2+' 
'alf3(aq)' 
'alf4-' 
'also4+' 
'caso4(aq)' 
'cahco3+' 
'caco3(aq)' 
'caoh+' 
'caf+' 
'fehco3+' 

'feco3(aq)' 
'fe(oh)2(aq)' 
'fe(oh)2+' 
'fe(oh)3(aq)' 
'fe(oh)3-' 
'fe(oh)4-' 
'feco3+' 
'fef+' 
'fef+2' 
'fef2+' 
'feoh+' 
'feoh+2' 
'feso4(aq)' 
'feso4+' 
'nahco3(aq)' 
'naalo2(aq)' 
'naoh(aq)' 
'naco3-' 

'nahsio3(aq)' 
'naf(aq)' 
'naso4-' 
'co2(aq)' 
'co3-2' 
'mgso4(aq)' 
'mgco3(aq)' 
'mgf+' 
'mghco3+' 
'mgoh+' 
'kso4-' 
'khso4(aq)' 
'koh(aq)' 
'hso4-' 
'hf(aq)' 
'hf2-' 
'halo2(aq)' 
'h3sio4-' 

'fe(oh)3(s)' 
'calcite' 
'pyrite-2' 
'gypsum' 
'kaolinite'  
'illite'  
'k-feldspar'  
'chlorite'  
'smectite-ca'  
'albite~low'  
'anorthite-a1'  
'fluorite'  
'goethite'  
'epidote'  
'jarosite'  
 

'co2(g)' 
'o2(g)' 
 

 
5. STATUS OF INVESTIGATION 
TASK 1 :  Develop a humidity cell model specific to Questa and the associated 
geochemical reactions 
The existing University of Utah humidity cell model was modified and adapted 
specifically for Questa rocks.  Calibration of the humidity cell model was accomplished 
using humidity cell experimental data obtained from a Robertson GeoConsultants Inc. 
report on six different types of rock located in the Questa mining area. The mineralogy of 
samples similar to those used in the Robertson report was determined by geologists at 
New Mexico Tech and was used as input to the model for the calibration.  Experimental 
data for 10 species –H+(pH), SO4, total Fe, Ca, Mg, K, Al, Na, Si and F over the testing 
time period were used to calibrate the model and obtain “effective” kinetic parameters for 
the reactions for each of the six different rock samples.  These “effective” parameters 
were compared with available literature values. A comparison of the data with the model 
for a few of the species and for one sample is given in Figure 2.  Other figures of that 
calibration and for the other five samples are given in a final report (Trujillo, 2005). 

The results indicated that weathering rates are not constant over time and are quite 
dependent on the mineralogy of the sample and the changing concentrations of the ions in 
the aqueous environment.  Extrapolation of rates from short term results (30-50 weeks) to 
longer periods of time, particularly if using linear extrapolations, was found to be prone 
to large errors in estimating the depletion of calcite and pyrite and the duration of acid 
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rock drainage.  Better estimates are obtained by running the model for these longer 
periods.  The rate of acid neutralization by clays increases as pH decreases.  Quantitative 
estimates of the formation of ferric hydroxide, gypsum and jarosite over time are also a 
product of the simulation.   
 
TASK 2:  Develop a one-dimensional TOUGHREACT model of the humidity cell 
experiments including all biogeochemical reactions and aqueous complexes. 
This work is still in progress.  Our objective is to develop a one-dimensional, three-phase 
model that will describe all the appropriate geochemical reactions and species occurring 
within a humidity cell for Questa rock samples. The problem we have run into is with 
how the TOUGHREACT program handles reactions.  This is described in DRA-38.  We 
are using the one-dimensional humidity cell model to test our modifications to the code 
as far as kinetically-controlled reaction rates are concerned. Preliminary results predicting 
the changes in mineralogy over 100 years for a hypothetical humidity cell sample are 
given in the appendix for the case of no flow and no heat effects.  As indicated, there is a 
dramatic change in the formation/dissolution of minerals and complexes once the calcite 
is depleted and the pH drops to a highly acidic nature. However, the rates of 
dissolution/formation of most secondary minerals are rather slow.  Acid was still being 
produced in this humidity cell sample even after 100 years.  

We also need to add the bacterial growth reactions and the shrinking core rate 
expression for certain minerals.  Once we are satisfied that the kinetics are producing 
reasonable results we will couple the kinetics with the cyclic nature of humidity cell 
testing in order to compare the simulations with experimental data. We are making good 
progress towards completion of the model. We have already modified the code to include 
the Fe+2 kinetically controlled oxidation and we can have two mass balanced pyrite-
kinetically-controlled reactions, that was previously not possible in TOUGHREACT. It 
appears that the additional code upgrades we plan to include in the humidity cell model 
will be completed in approximately 2-3 weeks, with calibration to follow. 
 
6. RELIABILITY ANALYSIS 
All models will be verified using several benchmarks found in the literature.  Known 
analytical solutions will be used for this verification if available.  Validation will occur 
with calibration using reliable humidity cell experimental data. This work is in progress. 
 
7. CURRENT CONCLUSIONS 
Much of this work has yet to be completed but we can make some preliminary 
conclusions based on the progress to date. 

• From the earlier isothermal UU models we concluded that reaction rates 
should not be considered constant but vary with pH, temperature, and the 
concentrations of other species in solution which vary with time.  Thus, 
for predictive purposes, reaction rate expressions as functions of the 
aqueous compositions should be used to account for these 
interdependencies. We also learned that the model is only as good as the 
geochemical reactions included in the model and that it is imperative that 
all the major chemical species be identified (including aqueous 
complexes) and the associated reactions be included in the model. 



DRA-36 

Questa Weathering Study p 8 of 20 December 13, 2008 8

• Calibration of the humidity cell models with experimental data may 
require some adjusting of the geochemical reactions, in particular, the 
composition of the various minerals.  For example, if the literature value 
for the rate of fluorite dissolution is not able to account for all the fluoride 
ions in solution then other mineralogical sources with trace amounts of 
fluorine may have to be considered. 

• It is very important that aqueous complexes be considered in modeling of 
the formation of secondary minerals since these complexes can tie up 
certain ions and prevent the precipitation of certain secondary minerals. 

• Minerals are in finite amounts and, typically reactive rates are slow 
(except for pyrite and carbonate minerals), thus predictive models are 
useful in determining when the depletion of certain minerals will occur 
and thus the step change in other reaction rates.  For example the depletion 
of calcite with the resulting lowering of pH or the decrease in fluoride ions 
due to the depletion of fluorite with the corresponding increase in 
aluminum availability will strongly affect the other geochemical rates. 

• It is difficult to make predictions on the changes in mineralogy over space 
and time without a calibrated or verified humidity cell model.  In general, 
pyrite oxidation will generate iron, sulfate and hydrogen ions, the rate of 
which is governed by abiotic and biotic rates.  The oxidation, in turn, can 
lower the pH, depending on the presence of neutralizing minerals and the 
resulting ions can react with other minerals to generate a host of other ions 
that can result in a number of aqueous complexes and the formation of 
secondary minerals.  Some of these complexes can suppress the formation 
of certain minerals.  All of the solid phase components are subject to 
dissolution under the appropriate conditions and the rate of dissolution 
(which can change with environmental conditions) governs the duration of 
the mineral.  While pyrite oxidation will occur over a long period of time, 
keeping pH at low values, it will eventually become exhausted and the pH 
will rise, resulting in new environmental conditions. Estimating the time it 
takes for all of these coupled processes to occur can only be done with a 
detailed mathematical model that takes into account all relevant and 
significant species as well as all the chemical and physical mechanisms 
that are involved. 

• The biggest question is the formation and duration of the cementing 
material. Although we were not able to positively identify the cementing 
material we might assume that it is related to the amount of iron 
oxyhydroxides, calcite, silica particles and possibly jarosite.  By 
monitoring the amounts of these materials over space and time we might 
be able to estimate the formation and duration of the cementing material 
and if the changes in mineralogy are significant enough to affect the 
overall cohesion or friction angle. 

• Our models, at present, do not include the migration of fines.  Addition of 
this feature will require a significant amount of work. 
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TECHNICAL APPENDICES 
Table A-1.  Reactions originally to be included  in the isothermal UU Humidity Cell 

Model 
 

ID Reaction Description 
1 Oxidation of Pyrite by Dissolved Oxygen (Shrinking Core) 

 
2 7 2 2 4 42 2 2

2
4

2FeS O H O Fe SO Hs aq l
KSOPY

aq aq aq( ) ( ) ( ) ( ) ( ) ( )+ + ⎯ →⎯⎯ + ++ − +  
2 Oxidation of Ferrous Ion (both abiotic and biotic). Biotic = f(bacteria 1), see Reaction 7 

 
)(2

3
)(

)2(
)()(2

2
)( 2444 laq

KF
aqaqaq OHFeHOFe +⎯⎯ →⎯++ +++  

3 Equilibrium Reaction of Ferric Hydroxide 
 

)(2
3

)()3(/)3(

)3(
)()(3 33)( laqKEKF

KF
aqs OHFeHOHFe +⎯⎯ →←+ ++  

4 Oxidation of Pyrite by Ferric Ion (Shrinking Core) 
 

+−++ ++⎯⎯ →⎯++ )(
2

)(4
2

)()(2
3

)()(2 16215814 aqaqaq
KSFPY

laqs HSOFeOHFeFeS  
5 Neutralization Reaction of Calcium Carbonate (Shrinking Core) 

 
)(2)(2

2
)()()(3 2 laqaq

KSHCA
aqs OHCOCaHCaCO ++⎯⎯ →⎯+ ++  

6 Precipitation/Dissolution of Gypsum 
 

)(24)6(/)6(

)6(
)(2

2
)(4

2
)( 22 sKEKF

KF
laqaq OHCaSOOHSOCa •⎯⎯ →←++ −+  

7 Bacteria X1 growth rate as a function of ferrous, ferric and hydrogen ions 
2

Fe1
1 2 3

2 1 1
1 1

[ ] M[ ] [ ]1 [ ]
7 [ ] [ ] KS1 (1 KI1 [Fe ] )

 [ ]  [ ]
Fe

X

Fed X HMU X
dt KM A H Fe M

KD X mg L h

++

+ + +

− −

⎛ ⎞⎛ ⎞ ∗
= ∗ ∗ ∗ ⎜ ⎟⎜ ⎟+ + ∗ + ∗ ∗⎝ ⎠ ⎝ ⎠
− ∗ = ⋅ ⋅

 

 
8 Neutralization Reaction of Potassium Feldspar  (Shrinking Core) 

Modified from earlier versions of the model – KAlSi3O8 for AW, formation of Kaolinite 

3 8( ) ( ) 2 2 2 5 4 ( ) 4 4
9 1 ( ) 2
2 2

KSHAW o
s aq aqKAlSi O H H O Al Si O OH K H SiO+ ++ + ⎯⎯⎯→ + +  
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ID Reaction Description 
10 Equilibrium Reaction of Jarosite-K 

Modified from earlier versions of the model – K instead of H3O 
(10) 3 2

3 4 2 6( ) ( ) ( ) 4( ) 2 ( )(10) / (10)
( ) ( ) 6 3 2 6KF

s aq aq aq lKF KE
KFe SO OH H Fe SO K H O+ + − ++ + + +  

20 Equilibrium Reaction of Geothite 
 

)(2
3

)()20(/)20(

)20(
)()( 23 laqKEKF

KF
aqs OHFeHFeOOH +⎯⎯⎯ →←+ ++  

38 Hydration of Carbon dioxide 
 

32)38(/)38(

)38(
)(2)(2 COHOHCO

KEKF

KF
laq ⎯⎯⎯ →←+   

39 Equilibrium Distribution of Carbonate  
 

2
)(3)()39(/)39(

)39(
)(3

−+− +⎯⎯⎯ →← aqaqKEKF

KF
aq COHHCO  

42 Equilibrium Distribution of Bicarbonate  
 

+− +⎯⎯⎯ →← HHCOCOH aqKEKF

KF
)(3)42(/)42(

)42(
32   

45 Dissolution/Removal of Carbon dioxide 
 

)(21

1
)(2 aqKLA

KLA
g COCO ⎯⎯ →←  

 
 
NEW 
49 

Dissolution/Precipitation of Fluorite 
 

2
2( ) ( ) ( )/

2f

f E

K
s aq aqK K

CaF Ca F+ −+  

 
NEW 
50 

Reaction of Epidote (Shrinking Core) 
 

3 4 3 ( ) 2

2 2
4 4 3

( ) ( ) 4 8

3 ( ) 3 ( )

KSH
s

o

Ca FeAl SiO OH H H O

Fe Ca H SiO Al OH

+

+ +

+ + ⎯⎯⎯→

+ + +
 

 
NEW 
51 

Reaction of Anorthite ( Ca-plagioclase) (Shrinking Core) 
 

3 2
2 2 8( ) ( ) ( ) 7 2 87 2KSHAW

s aq aqCa Al Si O H Al Ca H Si O+ + + −+ ⎯⎯⎯→ + +  
 
NEW 
52 

Reaction of Chlorite (Shrinking Core) 
 

2 3 2
3 2 2 3 10 8( ) ( ) ( ) 4 4 2( ) 16 3 2 2 3 6KS

s aq aqMg Fe Al Si O OH H Mg Al Fe H SiO H O+ + + ++ ⎯⎯→ + + + +
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ID Reaction Description 
 
NEW 
53 

Neutralization Reaction of Sodium Feldspar - Albite  (Shrinking Core), formation of 
Kaolinite 
 

3 8( ) ( ) 2 2 2 5 4 ( ) 4 4
9 1 ( ) 2
2 2

KSHAW o
s aq aqNaAlSi O H H O Al Si O OH Na H SiO+ ++ + ⎯⎯⎯→ + +  

 
NEW 
54 

 Reaction of Illite (Shrinking Core) 
 

3
2 3 10 2 ( ) ( ) 4 4( ) ( ) 10 3 3KS

aq aqKAl Si Al O OH H K Al H SiO+ + ++ ⎯⎯→ + +  
 
NEW 
55 

 Reaction of Smectite (Shrinking Core) 
 

2
0.33 0.66 3.34 8 20 4( ) ( ) 2

2 3
( ) 4 4

[ ]( ) ( ) 12 8 0.33

0.66 3.34 8

KS
s aq

aq

Ca Mg Al Si O OH H H O Ca

Mg Al H SiO

+ +

+ +

+ + ⎯⎯→ +

+ +
 

 
NEW 
56 

Reversible formation of aluminum-fluoride complex 
 

3 2
( ) ( ) ( )/

f

f E

K
aq aq aqK K

Al F AlF+ − ++  

NEW 
57 

Formation, Dissociation of Kaolinite, reversible 
 

3
2 4 4 2 2 5 4( ) ( )2 2 ( ) 6f

d

ko
s aqk

Al H O H SiO Al Si O OH H+ +⎯⎯→+ + +←⎯⎯  

 
NEW 
58 

Reversible formation of aluminum-sulfate complex, AlSO4+ 
 

3 2
( ) 4 ( ) 4 ( )/

f

f E

K
aq aq aqK K

Al SO AlSO+ − ++  

 
NEW 
59 

Reversible formation of aluminum-sulfate complex, Al(SO4)2
- 

 
3 2
( ) 4 ( ) 4 2( )/

2 ( )f

f E

K
aq aq aqK K

Al SO Al SO+ − −+  

 
 

Only a few kinetic parameters from the literature were adjusted in order to obtain 
reasonable matches for all 10 measured species and parameters were only adjusted from 
sample to sample if absolutely necessary.  Many of the kinetic and transport parameters 
were not adjusted.  Table 2 shows only the changes in kinetic parameters that were 
necessary to match leachate data from all six samples.  A full description of all of the 
kinetic parameters used for each sample is given in an annual report (Trujillo, 2005). 

As shown in Table 2, most of the large changes that were necessary were with the 
acidic sample, WRD2. All of the other samples were alkaline and, for the most part, the 
model used approximately the same kinetic parameters for these samples.  The small 
differences that are shown were necessary to get a so-called “perfect” fit to the data. It 
was surprising to see how sensitive the model was to these parameters.  Small 
adjustments sometimes made large differences in the results, particularly for the pseudo-
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steady state values.  Not surprisingly, the oxidation of pyrite by both oxygen and ferric 
ion had to be adjusted to get the model to go acidic, however the rate constants for calcite 
did not have to be adjusted (although a slightly better fit could have resulted if they 
were). The constant for the formation of FeOH3 also had to be adjusted for the acidic 
sample. 
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Figure 2. Comparison of experimental results with model predictions for pH, sulfate, and 
calcium for Robertson Geoconsultants’ Humidity Cell #5 containing sample WRD 5 
(SSS-KMD-0001) over a 50 week period.  Simulation results are represented as a solid 
black line while experimental results are indicated with symbols. (Run WRD5-16). 
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Table 2.  Kinetic constants that varied in order to match experimental data for the six 
samples contained in the Robertson report with a comparison of the literature value. 

Reaction/Kinet
ic Parameter 

WRD11 
(SPR-
KMD-
0001) 

WRD12
(SPR-
KMD-
0002) 

WRD2
(SPR-
KMD-
0003) 

WRD3
(SSS-
KMD-
0002) 

WRD5
(SSS-
KMD-
0001) 

WRD6 
(SSW-
KMD-
0001) 

Lit 
Value 

Reaction 1 – 
oxidation of 
pyrite by O2, kf 
(mmoles0.5-
L0.5/cm2-s) 

1E-9 8E-10 6E-9 8E-10 4E-10 7.5E-10 1E-10 

Reaction 3 – 
formation of 
FeOH3, A*kf/V 
(h-1) 

2.5E-2 2.5E-2 1.0E-2 2.5E-2 2.5E-2 2.5E-2  

Reaction 4 – 
oxidation of 
pyrite by Fe+3, 
kf (L-cm-2-s-1) 

1E-10 8E-11 6E-10 8E-11 4E-11 7.5E-11 7E-10 

Reaction 8 – 
Dissolution of 
K-feldspar, kf 
(mmol-
L0.5/mmol0.5-
cm2-s) 

6.3E-9 6.3E-9 6.3E-
12 

6.3E-9 6.3E-9 6.3E-9 5.4E-14 

Reaction 49 – 
Dissolution of 
Fluorite, Keq 
(mol3/L3) 

2E-9 2E-9 2E-9 2.5E-9 1E-9 8E-9 5E-11 

Reaction 53 – 
Dissolution of 
Na-feldspar, kf 
(mmol-
L0.5/mmol0.5-
cm2-s) 

6.3E-9 6.3E-9 6.3E-
12 

1.5E-9 1.5E-9 1.5E-9 5.4E-14 

 
 

An interesting result was that the dissolution rates for the feldspars had to be 
increased several orders of magnitude than the literature values in order to match the 
results for Na, K and Al.  The dissolution rate for the alkaline samples was about five 
orders of magnitude while that of the acidic sample was two orders of magnitude.  It is 
not clear why this is so, unless there are other sources of Na and K that are in the sample.  
It was interesting that the analytical results for Na and K in the leachate were about the 
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same for both the acidic and alkaline samples, many of them, particularly for Na, below 
the detection limit of 2.0 mg/L.  Better calibration would have been possible if the 
detection limit was lower.  One would expect there to be more Na and K in the acidic 
sample since the reaction rates for feldspars are much higher under acidic conditions.  
That is why the rate constant had to be changed, because the model accounts for the rate 
increasing with acidity.  Another possibility is that using an average radius for all 
minerals may not be the best assumption and that, for clays, a much smaller effective 
radius should be used.  This would bring the rate constant more in line with literature 
values. The discrepancy in the fluorite constant was described in an earlier report 
(Trujillo, 2005). 

Over 250 simulations were made in an attempt to match Robertson 
Geoconsultants’ experimental data.  The successful results for all six samples are given in 
Appendix A of Trujillo’s 2005 annual report (Trujillo, 2005).  Final calibration of the U 
of U model was delayed until the final mineralogies of the Robertson samples were 
determined.  In addition, data from a humidity cell testing program by Golder was 
initiated and the results of that study were just recently obtained.  Mineralogies of those 
samples were also to be determined. Finally, humidity cell testing at the University of 
Utah was completed in March 2008 and these data provided even more data from which 
to calibrate the model.  In the meantime, it was determined that the initial 21 geochemical 
reactions and 18 different minerals would not be adequate since those reactions included 
the formation of kaolinite without considering the formation of aluminum complexes 
with fluoride and sulfate.  Thus, a new set of reactions and species was proposed in 2008.  
The U of U humidity cell model is currently being modified to include many of these 
reactions but, in the interest of time, has a lower priority than the creation of the 
TOUGHREACT humidity cell model. 
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Figure 3. TOUGHREACT humidity cell model predictions for pH for a hypothetical 
humidity cell sample over a 100 year period. 
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Figure 4. TOUGHREACT humidity cell model predictions for calcite for a hypothetical 
humidity cell sample over a 100 year period. 
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Figure 5. TOUGHREACT humidity cell model predictions for fluoride ion for a 
hypothetical humidity cell sample over a 100 year period. 
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Figure 6. TOUGHREACT humidity cell model predictions for the complex, AlF2+ for a 
hypothetical humidity cell sample over a 100 year period. 
 


