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Disclaimer 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacture, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the United 
States Government or any agency thereof. 
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Abstract 
  

Currently, DOE is conducting pilot CO2 injection tests to evaluate the concept of 
geological sequestration. The injected CO2 is expected to react with the host rocks and these 
reactions can potentially alter the porosity, permeability, and mechanical properties of the host or 
cap rocks. Reactions can also result in precipitation of carbonate-containing minerals that 
favorably and permanently trap CO2 underground. Many numerical models have been used to 
predict these reactions for the carbon sequestration program. However, a firm experimental basis 
for predicting silicate reaction kinetics in CO2 injected geological formations is urgently needed 
to assure the reliability of the geochemical models used for the assessments of carbon 
sequestration strategies. The funded experimental and theoretical study attempts to resolve this 
outstanding scientific issue by novel experimental design and theoretical interpretation of silicate 
dissolution rates at conditions pertinent to geological carbon sequestration. 
 

In this four year research grant (three years plus a one year no cost extension), seven (7) 
laboratory experiments of CO2-rock-water interactions were carried out. An experimental design 
allowed the collection of water samples during experiments in situ and thus prevented back 
reactions. Analysis of the in situ samples delineated the temporal evolution of aqueous chemistry 
because of CO2-rock-water interactions. The solid products of the experiments were retrieved at 
the end of the experimental run, and analyzed with a suite of advanced analytical and electron 
microscopic techniques (i.e., atomic resolution transmission electron microscopy (TEM), 
scanning electron microscopy (SEM), electron microprobe, X-ray diffraction, X-ray 
photoelectron spectroscopy (XPS)). As a result, the research project probably has produced one 
of the best data sets for CO2-rock-water interactions in terms of both aqueous solution chemistry 
and solid characterization. Three experiments were performed using the Navajo sandstone. 
Navajo sandstone is geologically equivalent to the Nugget sandstone, which is a target formation 
for a regional partnership injection project. Our experiments provided the experimental data on 
the potential CO2-rock-water interactions that are likely to occur in the aquifer. Geochemical 
modeling was performed to interpret the experimental results.  
 

Our single mineral (feldspar) experiments addressed a basic research need. i.e., the 
coupled nature of dissolution and precipitation reactions, which has universal implication to the 
reaction kinetics as it applied to CO2 sequestration. Our whole rock experiments (Navajo 
sandstone) addressed the applied research component, e.g., reacting Navajo sandstone with brine 
and CO2 has direct relevance on the activities of a number of regional partnerships.  
 

The following are the major findings from this project: 
 

1. The project generated a large amount of experimental data that is central to evaluating 
CO2-water-rcok interactions and providing ground truth to predictive models, which 
have been used and will inevitably be increasingly more used in carbon sequestration.  

 
2. Results from the feldspar experiments demonstrated stronger coupling between 

dissolution and precipitation reactions. We show that the partial equilibrium assumption 
did not hold in the feldspar hydrolysis experiments (Zhu and Lu, submitted, Appendix 
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A-2). The precipitation of clay minerals influenced dissolution of primary silicate in a 
much stronger way as previously envisioned. Therefore, our experimental data indicated 
a much more complex chemical kinetics as it has been applied to carbon sequestration 
program in terms of preliminary predictive models of CO2-rock-water interactions. 
Adopting this complexity (strong coupling) may influence estimates of mineral trapping 
and porosity/permeability for geological carbon sequestration. In general, our 
knowledge of the coupling of different reactions is poor, and we must consider the 
uncertainties resulting from our poor knowledge on this regard. 

 
3. Our experimental results concur with previous findings that the role of dissolved CO2 is 

mostly to acidify the brine, but not change the mechanisms of reactions. This conclusion 
is based on careful paired experiments with and without CO2. 

 
4. We observed strong chemical reactions between CO2 acidified brine with the Navajo 

sandstone. The laboratory experiments were conducted at a higher temperature (200 oC) 
than that in the field (~90 oC) in order to induce measurable chemical changes in the 
laboratory. However, field conditions are more acidic and reaction time is much longer 
(1000 years versus 10 – 80 days in the laboratory). Therefore, the conclusions on 
extensive reactions are relevant. We observed extensive dissolution of feldspars, and 
precipitation of clay minerals. However, the clay coatings on the sediment grains, which 
were a concern whether it would come off and clog the pores, were intact. The 
precipitation of secondary minerals can potentially clog pore throats and reduce 
permeability. Additional experiments are needed to quantify the amount of secondary 
mineral precipitation, and the results of batch reactor experiments need to be compared 
to the flooded core experiments to be performed by NETL in house.  

 
 Throughout this project, we endeavored to disseminate the research results in a timely 
fashion, worked closely with NETL in-house research, and communicated our results to the 
regional partnerships. To reach the carbon capture and storage (CCS) community in the broadest 
possible sense, we have published our first set of experimental results in a highly regarded 
journal Chemical Geology , with proper DOE approval, acknowledgement to this grant, and 
required disclaimer (see Appendix A-1). Note the publication at this peer-referred journal had 
gone through rigorous peer review. A second publication on geochemical modeling 
interpretation of experimental data was submitted to the top ranked journal Geochimica et 
Cosmochimica Acta, and is currently under peer review. A third publication on the experimental 
data of Navajo sandstone was completed and submitted to the Journal of Greenhouse Gas 
Control for peer review.  
 
 In January 2008, the PI (Dr. Chen Zhu) gave presentations at the Lawrence Berkeley 
National Laboratory and Lawrence Livermore National Laboratory. Most in the audience are 
funded by DOE to work on various carbon sequestration programs. Presentations are also given 
at the annual convention of the American Association of Petroleum Geologist (2008), Seventh 
Annual Conference Carbon Capture & Sequestration Conference (2008), Geological Society of 
America annual meeting (2008), and AAPG Eastern Section Meeting (2007). Because a large 
amount of experimental data was generated and has not been fully digested, some of our findings 
will be further analyzed and ideas will be refined. We will continue to communicate the results 
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to the carbon sequestration community through open literature publications and presentations at 
national and international meetings with proper acknowledgement of this grant.  
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1. Introduction 
 There has been a great deal of concern over global climate change, and its link to 
growing atmospheric concentrations of carbon dioxide (CO2). An ever-increasing amount of 
scientific evidence suggests that anthropogenic release of CO2 has led to a rise in global 
temperatures over the past several hundred years (BRADLEY, 2001; CROWLEY, 2000). This 
“global warming” is a trend that, if unabated, can lead to significant and possibly catastrophic 
alteration of climate throughout the world. 

 In order to decrease the impact of CO2 on global climate, several strategies are under 
development that will potentially remove CO2 from the atmosphere or decrease CO2 emission 
(DOE, 1999; HERZOG et al., 1997). One such strategy that has received a great deal of attention 
involves the capture of CO2 from large point sources (such as fossil fuel-fired power plants) and 
the long-term storage of CO2 underground. In fact, such a technique is currently in practice in 
Norway. Statoil’s Sleipner plant separates about 2,800 tons of CO2 from a natural gas stream 
daily and injects it into a saline aquifer below the North Sea (Hammerstad, 2000). 

 For geological carbon sequestration programs that inject CO2 into deep saline formations, 
the injected CO2 can react with brine and solid matrix, resulting in an increase of pH and 
precipitation of carbonates. The rate of this reaction with respect to fluid flow is important to 
determine the mechanism of trapping, either by hydrodynamics (CO2 dissolved in slow moving 
brine or remains to be in a separate liquid phase) or mineral trapping (carbon precipitation). Such 
processes are currently being evaluated at NETL sponsored pilot test sites in the Frio sandstone 
in the Texas Gulf Coast (Hovorka et al., 2002), at Statoil’s Sleipner project in North Sea 
(Johnson et al., 2002), and at the Weyburn CO2-enhanced oil recovery site, Canada (Perkins et 
al., 2002).  

Recently, STRAZISAR et al. (2006) performed one-dimensional transport modeling of CO2 
in the Alberta basin, with the chemical reaction aspect of the model resembling that presented by 
GUNTER et al. (2000) as a first approximation. The ultimate goal of this modeling effort is to 
develop reservoir or basin scale models that include flow, mass and heat transport, multi-phases, 
and chemical reaction processes at field pilot test and CO2 injection sites. Such a model is 
valuable for evaluating the suitability of a geological formation as CO2 storage, optimal injection 
operations, and monitoring and management of injection operations.  

One outcome of this modeling study is the demonstrated importance of mineral reaction 
kinetics. However, one of the fundamental problems in modern geochemistry is the persistent 
two to five orders of magnitude discrepancy between laboratory-measured and field derived 
feldspar dissolution rates (see reviews by Blum and Stillings, 1995; Drever and Clow, 1995; 
White, 1995). This discrepancy is huge. For example, the laboratory rates indicate that a 0.1 mm 
feldspar sphere should weather away in ~250 years, whereas the field rates predict a feldspar 
lifetime of millions of years (calculations followed Lasaga, 1998). Such a large discrepancy 
illustrates our inability to move forward with the quantitative assessment of mineral trapping as a 
sequestration strategy. Feldspar is the most abundant mineral in the earth’s crust. Most 
sandstones that have been proposed as sequestration target formations contain several percent to 
tens of percent of feldspars. In addition to the geological carbon sequestration program, 
kinetically controlled reactions, including glauconite dissolution (Gunter et al., 1997), iron 
carbonate precipitation (NRC, 2003), and olivine and serpentine carbonation (Carey et al., 2003, 
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Fig. 1. Chemical compositions 
and nomenclature of feldspars.

and reports published by the Albany Research Center), are also important to other carbon 
sequestration programs. 

To date, there is no real guidance as to how to predict in situ reaction rates for use in 
reactive transport models. Models for geological carbon sequestration have generally opted to 
use laboratory rates (e.g., Gunter et al., 1997; Xu et al., 2004). In general, we know little about 
the proper rates and rate laws that are applicable to geological systems (Lasaga, 1998). However, 
a firm scientific basis for predicting reaction kinetics in natural environments is urgently needed 
to assure the reliability of the geochemical models used for the carbon sequestration program.  

 The funded research here attempts to resolve this outstanding scientific issue. The 
chemical, physical, and biological processes in the deep geological formation are complex and 
inter-related. Monitoring subsurface activities is costly. Thus, the results of the funded research 
represents a necessary step in reducing cost associated with geological carbon sequestration by 
developing mathematical models for evaluating and optimizing the injection program. Over the 
long-term, geological carbon sequestration will go through performance assessment evaluation 
processes, and as time progresses, the reaction kinetics problem is likely to occupy a more 
prominent position. Our results will provide crucial parameters for the performance assessment. 

Feldspars (Fig. 1) are the most abundant silicate minerals 
and comprise over 50% of the volume of the earth’s crust. When 
CO2 is injected into geological formations, CO2 will react with 
silicate minerals in the aquifers (such as in the case of the Frio 
sandstone, Texas, Weyburn, Canada, and the Sleipner projects 
mentioned above). The reactions will increase the pH of the 
brine, resulting in an enhanced solubility of CO2 in brine, which 
is a desirable effect because it reduces the chance of CO2 leakage 
to the surface. 

Dissolution of feldspars can also release Ca2+, which can 
form carbonate precipitates. This is the most desired 
consequence of CO2 injection because carbonate solids are 
immobile and are permanently stored in deep geological 
formations without the risk of seeping back to the surface. As 
pointed out by the NRC workshop report (NRC, 2003), this is a natural process of weathering. 
However, the key to the carbon sequestration program is an understanding of the reaction 
kinetics and how to accelerate the process. 

Another consequence of silicate reaction after CO2 injection is the change of porosities in 
the geological formation, which can alter the patterns of fluid flow and cause formation damage. 
STRAZISAR et al. (2006) again demonstrated that the magnitudes of porosity changes are closely 
related to the kinetic parameters used in the model.  

In addition to the long-term controversy between field and laboratory rates, there is a 
general lack of experimental data at conditions pertinent to the geological carbon sequestration 
program. The reactions pertinent to geological carbon sequestration occur in about 50 to 150 oC, 
high CO2 pressure, and in saline brines. Although high CO2 concentrations might suggest pH 
lowering and more rapid dissolution of primary aluminosilicates, these conditions may enhance 



Zhu  DE-FG26-04NT42125 11

There is a dearth of kinetic data relevant to geological carbon sequestration, and 
hence the need for experimental measurements.  

further the stability of clay minerals and carbonate minerals, with attendant effects on the overall 
reaction rate schemes. Moreover, it is not at all clear from available data whether high CO2 
concentrations in fluids act to catalyze or inhibit mineral dissolution/precipitation processes 
typical of or likely to be found in geologic terrains impacted by carbon sequestration.  

 

 
              

This report summarizes both single mineral and whole rock experiments. The single 
mineral feldspar experiments were targeted to evaluate some basic scientific questions in 
chemical kinetics such as the partial equilibrium assumption. The classical reaction path model 
of feldspar hydrolysis (HELGESON, 1968; HELGESON, 1971; HELGESON, 1979; HELGESON et al., 
1969) states that: (1) dissolution of primary feldspar is the rate-limiting irreversible reaction and 
the driver of all processes in the system; (2) precipitation of all secondary minerals is 
instantaneous; (3) the aqueous solution is at equilibrium with or undersaturated with respect to 
all secondary minerals at all times; (4) fluid chemistry evolves along the boundaries of the 
mineral phases on equilibrium activity-activity diagrams (abbreviated as a–a diagrams 
hereafter); and (5) secondary minerals dissolve and precipitate in a paragenesis sequence as 
aqueous chemistry evolves. Because secondary clay minerals are at equilibrium with the aqueous 
solution while the overall system does not reach equilibrium, it is called partial equilibrium 
systems.  

Our whole rock experiments used the target geological formation materials to react with 
CO2 and brine and tested the reactivity of the rocks with CO2 impregnated brines. The 
combination of the two categories of experiments addresses the needs of both fundamental and 
applied sciences in support of geological carbon sequestration.  
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2. Executive Summary 

 
 Currently, DOE is conducting pilot CO2 injection tests to evaluate the concept of 
geological sequestration. One strategy that potentially enhances CO2 solubility and reduces the 
risk of CO2 leak back to the surface is dissolution of indigenous minerals in the geological 
formation and precipitation of secondary carbonate phases, which increases the brine pH and 
immobilizes CO2. Clearly, the rates at which these dissolution and precipitation reactions occur 
directly determine the efficiency of this strategy. Therefore, a firm scientific basis for predicting 
silicate reaction kinetics in CO2 injected geological formations is urgently needed to assure the 
reliability of the geochemical models used for the assessments of carbon sequestration strategies. 
This research project addresses this critical and urgent need of the carbon sequestration program.  
 

In this four year research grant (three years plus a one year no cost extension), seven (7) 
laboratory experiments of CO2-rock-water interactions were carried out. An experimental design 
allowed the collection of water samples during experiments in situ and thus prevented back 
reactions. Analysis of the in situ samples delineated the temporal evolution of aqueous chemistry 
because of CO2-roick-water interactions. The solid products of the experiments were retrieved at 
the end of the experimental run, and analyzed with a suite of advanced analytical and electron 
microscopic techniques (i.e., atomic resolution transmission electron microscopy (TEM), 
scanning electron microscopy (SEM), electron microprobe, X-ray diffraction, XPS). 
Geochemical modeling was also performed to interpret the experimental results. As a result, the 
research project probably has produced one of the most comprehensive data sets for CO2-rock-
water interactions in terms of both aqueous solution chemistry and solid characterization. 
 

Our single mineral (feldspar) experiments addressed a basic research need. i.e., the 
coupled nature of dissolution and precipitation reactions, which has universal implication to the 
reaction kinetics as it applied to CO2 sequestration. Our whole rock experiments (Navajo 
sandstone) addressed the applied research component, e.g., reacting Navajo sandstone with brine 
and CO2 has direct relevance on the activities of a number of regional partnerships.  
 

The following are the major findings from this project: 
 

1. The project generated a large amount of experimental data that is central to evaluating 
CO2-water-rcok interactions and providing ground truth to predictive models, which 
have been used and will inevitably be increasingly more used in carbon sequestration.  

 
2. Results from the feldspar experiments demonstrated stronger coupling between 

dissolution and precipitation reactions. We show that the partial equilibrium assumption 
did not hold in the feldspar hydrolysis experiments (Zhu and Lu, submitted, Appendix 
A-2). The precipitation of clay minerals influenced dissolution of primary silicate in a 
much stronger way as previously envisioned. Therefore, our experimental data indicated 
a much more complex chemical kinetics as it has been applied to carbon sequestration 
program in terms of preliminary predictive models of CO2-rock-water interactions. 
Adopting this complexity (strong coupling) may influence estimates of mineral trapping 
and porosity/permeability for geological carbon sequestration. In general, our 
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knowledge of the coupling of different reactions is poor, and we must consider the 
uncertainties resulting from our poor knowledge on this regard. 

 
3. Our experimental results concur with previous findings that the role of dissolved CO2 is 

mostly to acidify the brine, but not change the mechanisms of reactions. This conclusion 
is based on careful paired experiments with and without CO2. 

 
4. We observed strong chemical reactions between CO2 acidified brine with the Navajo 

sandstone. The laboratory experiments were conducted at a higher temperature (200 oC) 
than that in the field (~90 oC) in order to induce measurable chemical changes in the 
laboratory. However, field conditions are more acidic and reaction time is much longer 
(1000 years versus 10 – 80 days in the laboratory). Therefore, the conclusions on 
extensive reactions are relevant. We observed extensive dissolution of feldspars, and 
precipitation of clay minerals. However, the clay coatings on the sediment grains, which 
were a concern whether it would come off and clog the pores, were intact. The 
precipitation of secondary minerals can potentially clog pore throats and reduce 
permeability. Additional experiments are needed to quantify the amount of secondary 
mineral precipitation, and the results of batch reactor experiments need to be compared 
to the flooded core experiments to be performed by NETL in house.  

 
 Throughout this project, we endeavored to disseminate the research results in a timely 
fashion, worked closely with NETL in-house research, and communicated our results to the 
regional partnerships. To reach the carbon capture and storage (CCS) community in the broadest 
possible sense, we have published our first set of experimental results in a highly regarded 
journal Chemical Geology , with proper DOE approval, acknowledgement to this grant, and 
required disclaimer (see Appendix A-1). Note the publication at this peer-referred journal had 
gone through rigorous peer review.  
 
 A second publication on geochemical modeling interpretation of experimental data was 
submitted to the top ranked journal Geochimica et Cosmochimica Acta, and is currently under 
peer review. A third publication on the experimental data of Navajo sandstone was completed 
and submitted to the Journal of Greenhouse Gas Control for peer review.  
 
 In January 2008, the PI (Dr. Chen Zhu) gave presentations at the Lawrence Berkeley 
National Laboratory and Lawrence Livermore National Laboratory. Most in the audience are 
funded by DOE to work on various carbon sequestration programs. Presentations are also given 
at the annual convention of the American Association of Petroleum Geologist (2008), Seventh 
Annual Conference Carbon Capture & Sequestration Conference (2008), Geological Society of 
America annual meeting (2008), and AAPG Eastern Section Meeting (2007). Because a large 
amount of experimental data was generated and has not been fully digested, some of our findings 
will be further analyzed and ideas will be refined. We will continue to communicate the results 
to the carbon sequestration community through open literature publications and presentations at 
national and international meetings with proper acknowledgement of this grant.  
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Fig. 2.  Schematic illustration of the flexible cell reaction 
system (Seyfried et al., 1987),  which is being used for the 
mineral dissolution/precipitation rate studies. 

3. Experimental 

3.1. Reactants and Materials 
“Orthoclase” crystals and Amelia albite crystals having an average size of ~0.5 cm were 

purchased from the WARD’S Natural Sciences Establishments, Inc. These crystals were 
handpicked, ground with an agate mortar and pestle, and subsequently dry sieved to retain the 
fraction between 50 and 100 μm in size. For the freshly ground material, there were a large 
number of submicron-to-micron particles that adhered to the surface of large grains. Dissolution 
of these ultrafine particles will result in initially non-linear rates of reaction or parabolic kinetics 
(HOLDREN and BERNER, 1979). To remove these particles, the sample was first ultrasonically 
cleaned using analytical grade acetone. This was performed eight times on each aliquot for about 
20 min per treatment. The cleaned alkali-feldspar grains were finally rinsed with deionized water 
and then freeze-dried. Before experiments, alkali-feldspar sample was kept in an oven at 105°C 
overnight to exclude possible organic contamination. Amelia albite is commonly used in 
experiments because it is a compositionally pure end-member albite (e.g., see Smith and Brown, 
1988). Its chemical composition is close to NaAlSi3O8 (microprobe results available from 
literature). 

 
Reddish Navajo Sandstones were 

collected from N aquifer, Black Mesa, Arizona. 
The major mineral component of Navajo 
Sandstone is quartz, with ~2% feldspars 
(DULANEY, 1989; HARSHBARGER et al., 1957; 
ZHU, 2005). A sandstone sample (MSE 136.5-
137) is crushed and ground with an agate mortar 
and pestle, and then dry sieved to obtain the 
fraction between 50 and 100 μm. Ten grams of 
the resulting powder and 150 mL deionized 
water are placed into a 200-mL polyethylene 
bottle and ultrasonic-cleaned with a sonic probe 
five times, for 10 minutes per treatment. The 
bottle is immersed into a water bath to keep cool 
when ultrasonicating. The supernatant is 
disposed of and the remaining solid is freeze-
dried.  

 

3.2. Batch and Flow-through Experiments 

3.2.1. Experimental apparatus for batch 
experiment.  

The prepared grains were placed in a 
flexible gold reaction cell with detachable Ti-
closure (Seyfried et al., 1987). This 
arrangement allows easy access to the 
reactants at the end of an experiment. More importantly, the flexible cell permits on-line 
sampling of the aqueous phase at constant temperature and pressure simply by adding water, 
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in an amount equivalent to the sampled fluid, to the region surrounding the reaction cell (Fig. 2). 
These experimental data are generally superior to those derived from samples collected after the 
reactors are cooled down because backward reactions may occur during cooling. 

 
The experiments using the flexible cell system were conducted at temperature of 150 °C 

and 300 bars. Fluid samples taken from the reactor at regular intervals were analyzed for all 
major and some minor dissolved components. Dissolved cations were analyzed by inductively 
coupled plasma mass spectrometry (ICP-MS) or AA with graphite furnace (for aluminum), while 
anions were analyzed by ion chromatography.  

 
3.2.2. Experimental apparatus for flow-through experiment.  
 

The flow-through dissolution experiment of the Navajo Sandstone was performed using a 
hydrothermal flow system. A fixed volume (~100 ml) Ti reactor represents the central unit of the 
flow system. It connects to a high-pressure fluid delivery system (Shimadzu 10A HPLC pump) 
that keeps the rate of fluid flow at pre-selected values. The outlet side of the reactor is connected 
to a computer-controlled regulating valve that serves to maintain the total pressure at fixed 
values. Temperature control is provided by a series of Watlow band heaters external to the Ti 
reactor. The reactor is also equipped with a magnetic stirrer (Parr Instrument, A1120HC), which 
allows reactants to remain suspended in the fluids during the experiment.  

Seven completed experiments are listed in Table 1.  Experiments 1, 2 and 6 were carried 
out in the first year and experiments 3, 4 and 5 were carried out in the second year. Experiment 7 
was carried out in the third year. 
 

Table 1. Summary of Experiments in 3 years 
 Time Materials conditions 

Exp. 1 Year 1* Alkali-feldspar from Wards. 

35% low albite (Ca0.04Na0.95K0.01Al1.04Si2.96O8),  

60% orthoclase (K0.85Na0.15Al1.04Si2.97O8), and 5% 

of quartz. 

200 °C, 300 bars 

0.2 M KCl with 0.05 M CO2, pH 4 

Exp. 2 Year 1* Alkali-feldspar from Wards. 

35% low albite (Ca0.04Na0.95K0.01Al1.04Si2.96O8),  

60% orthoclase (K0.85Na0.15Al1.04Si2.97O8), and 5% 

of quartz. 

200 °C, 300 bars 

0.2 M KCl without CO2, pH 3 

Exp.3 Year 2 Navajo sandstone 200 °C, 300 bars 

0.2 M KCl with 0.02 M CO2, pH 

5.5 (in-situ) 

Exp. 4 Year 2 Navajo sandstone 2.  200 °C, 300 bars 

0.2 M KCl without CO2, pH 5.5 

(in-situ) 

Exp. 5 Year 2 Navajo sandstone 3. (flow through reactor) 200 °C, 250 bars 
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0.2 M KCl without CO2, pH 3.9 (25 

°C) 

Exp. 6 Year 1 “K-feldspar” from IU. 

30% low albite (NaAl1.04Si2.96O8),  

70% microcline (K0.94Na0.06Al1.03Si2.97O8). 

200 °C, 300 bars 

0.05 M NaCl with 6 mM CO2, pH 

6.1 (in-situ) 

Exp. 7 Year 3  Dawsonite precipitation 150 °C, 300 bars 

0.2 M NaCl with 13.3 mM CO2, pH 

3.7 (25 °C) 

*In the second year, we performed additional 5-day alkali-feldspar dissolution experiments under 
the same conditions as experiments 1 and 2 to check the validation of the experiments and 
analysis. 
 

3.3. Electron Micro Beam and X-ray Characterization of Reactants and Products 

Reactants and products were investigated by an array of sophisticated techniques: gas 
adsorption (B.E.T surface area), SEM (phase relationships and surface morphology), electron 
microprobe, and XPS (surface chemistry), as well as High-resolution TEM (structure and 
chemistry). 

 
A Beckman Coulter SA-3100 surface area analyzer was used for BET surface area 

analysis of alkali-feldspar sample before experiments. The sample was degassed at 250oC for 
several hours prior to measurements. The instrument was periodically calibrated before and 
during measurements, using National Institute of Standards and Technology reference material 
1900, a silicon nitrite powder with surface area of 2.85 m2/g. Multipoint N2 gas adsorption 
isotherms were measured to obtain the specific surface area of 0.13 m2/g for alkali-feldspar with 
estimated error of ±5%.  

 
Scanning Electron Microscopy (SEM) was conducted with a Quanta 400 Field Emission 

Gun (FEG). The Energy Dispersive X-ray Spectrometer (EDS) system has an EDAX thin 
window and CDU LEAP detector. The low energy X-ray detection with FEG provided high 
spatial resolution for microanalysis down to ~0.1 μm2 under optimum conditions.  

TEM observations were performed using a Philips CM 200UT microscope with a 
spherical aberration coefficient (Cs) of 0.5mm and a point-to-point resolution of 0.19 nm. Data 
reduction was carried out using the standard Cliff-Lorimer method implemented in the DTSA. 
 

The samples were prepared with ultrasonic method. A fraction of the reaction products 
were immersed into absolute ethanol and ultrasonicated for several minutes to disengage the 
secondary minerals from feldspar surfaces. A drop of the resulting suspension (with grains of 
feldspar as well as secondary minerals) was mounted onto a holey-carbon film supported by a 
standard Cu TEM grid and air-dried for ~ 10 min.  
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4. Results and Discussion 
4.1. Feldspar Hydrolysis Experiments 
4.1.1. Experiment 2.  

            This experiment was conducted to establish the baseline so that the results could be 
compared to Experiment 1, for which CO2 was introduced. It was hoped that with the 
establishment of the baseline, the role of CO2 in reactions with minerals can be deduced. Time 
series changes in fluid chemistry from both the 78-day and the 5-day experiments are listed in 
Table 2 and illustrated in Fig. 3. As anticipated from the relative abundances of fluid and mineral 
components used for the experiments, dissolved Cl− concentrations remained relatively constant. 
The concentration of dissolved K+, however, tended to decrease, although the extent of this 
represents a small fraction of that initially available in the fluid (200 mmol/kg). Changes in 
dissolved concentrations of Na+, Ca2+, Al3+ and SiO2 during the 78-day experiment were 
significant as alkali-feldspar dissolution proceeded. For example, dissolved SiO2 increased 
slowly to approximately 1.70 mmol/kg after 456 h of reaction, then, surprisingly, decreased to 
1.35 mmol/kg during the next 360 h of reaction, before again increasing to 4.18 mmol/kg at 1368 
h. During the remaining 504 h of the experiment, dissolved SiO2 decreased by 0.43 mmol/kg to a 
final value of 3.75 mmol/kg (Table 2). Dissolved concentrations of Na+ and Ca2+ generally 
tracked with SiO2, suggesting the possible involvement of non-stoichiometric dissolution of 
minor accessory components in albite in the moderately acidic fluids. Al3+ concentration 
decreased sharply during the first 216 h, then increased to 0.08 mmol/kg by 456 h before 
decreasing gradually throughout the remainder of the experiment. Dissolved concentrations of 
Na+, Ca2+, Al3+ and SiO2 from the 5-day experiment at 120 h were largely consistent with 
changes in fluid chemistry of the 78-day experiment at a similar time of reaction (Fig. 3).  
 
Table 2. Time-dependent changes in the composition of major dissolved constituents in aqueous 
fluid coexisting with alkali-feldspar at 200 °C and 300 bars  
 

Time Cl- K+ SiO2 Na+ Ca2+ Al3+ pH In situ pHSample 
# (Hours) (mmol/kg) (25oC) (200oC)

78-day experiment 
 0 198.3 204.0 - - 3.72 - 3.0 3.1 

1 24 197.5 202.8 0.31 0.42 0.12 0.01 3.2 3.3 
2 216 198.7 201.1 1.46 1.13 0.21 0.003 3.5 3.6 
3 456 196.8 197.8 1.70 2.04 0.43 0.08 4.1 3.7 
4 816 197.9 204.3 1.35 1.86 0.16 0.03 4.2 4.0 
5 1368 199.5 197.0 4.18 3.72 0.30 0.01 4.9 4.5 
6 1872 199.4 196.5 3.75 1.91 0.35 0.001 4.9 4.7 

5-day experiment 
1 120 n.a.1 n.a. 1.31 0.88 0.35 0.005 n.a. 3.4 

1n.a. = not analyzed 
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Fig. 3. Changes in the dissolved concentrations of selected aqueous constituents with time for the 
perthitic alkali-feldspar dissolution experiments at 200 °C and 300 bars. Dissolved 
concentrations of K+, Cl−, Na+, Ca2+, Al3+ and SiO2 for the 78-day experiment (solid symbols) 
and Na+, Ca2+, Al3+ and SiO2 for the 5-day experiment (open symbols). Time series changes for 
K+, Cl− concentrations for the 5-day experiment are not available beyond the start of the 
experiment (Table 2).  
 

It is well known from results of numerous studies of reaction kinetics of silicate minerals 
in aqueous fluids that pH plays a particularly important role in the rate of mineral 
dissolution/precipitation processes. This is the case during the present study as well. To examine 
pH effects, the pH value measured for the fluid sample at ambient conditions (25 °C, 1 bar) 
(bench pH) was re-calculated at experimental conditions (200 °C, 300 bars) by taking account of 
the effect of temperature and pressure on the distribution of aqueous species. Accordingly, pH 
(in situ) was calculated for each sample taken during the course of experiments (Table 2). Owing 
to the relatively low experimental temperature, however, pH (in situ) was close to that measured, 
with an offset that ranged from approximately 0.1 to 0.4 units. During the 78-day experiment, pH 
values increased from 3.1 to 4.7 (Table 2). 

 
SEM photomicrographs of alkali-feldspar following the 78-day (Fig. 4a, b) and 5-day 

experiments (Fig. 4c, d) reveal channels and etch pits demonstrating dissolution heterogeneity, 
with albite lamellae preferentially dissolved. The presence of these mineral dissolution features 
was less obvious from results of the 5-day experiment. 
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Fig. 4. SEM backscatter images of alkali-feldspar dissolution effects following reaction after 
78 days (a, b) and 5 days (c, d). Reacted feldspar from the 78-day experiment reveal small 
(~ 0.5 μm) hexagon-shaped secondary minerals covering approximately 20% of the feldspar 
surface. In the 5-day experiment, secondary minerals cover only about 5% of the feldspar surface. 
The relative abundance of surface mineralization on the feldspars from each experiment is 
consistent with observed distribution of mineral dissolution features, such as laminar channels 
and etch pits on Na-rich lamina. 
 

Secondary minerals, with cross sectional diameter (d) of less than 0.5 μm and height (h) of 
approximately 0.1 μm, covered approximately 20% of total alkali-feldspar surface from the 78-
day experiment. Alteration products also exhibited hexagonal shape. In the 5-day experiment, 
however, secondary minerals covered much less (~ 5%) of feldspar surface (Fig. 4). In both 
cases, secondary minerals were evenly distributed on the feldspar surface, suggesting no 
structural inheritance from the alkali-feldspar precursor. Feldspar dissolution and secondary 
mineral formation are likely coupled in the overall mass transfer process. 

 

b a 

c d 
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XRD patterns of mineral products in both experiments showed the presence of kaolinite as 
well as boehmite (Fig. 5 a, b). The high peak intensities of boehmite in the XRD patterns likely 
result from preferential orientation of boehmite, and are not directly proportional to abundance. 

 
Due to relatively low magnification of the JEOL 1010 operated at low voltage (100 kV), 

secondary mineral products (kaolinite and boehmite) from the 78-day experiment were manifest 
as a transparent phase with hexagonal shape and sizes of 200–300 nm (Fig. 6a). Selected area 
electron diffraction (SAED) patterns indicated that most alteration minerals are sheet silicates 
(Fig. 6b). The existence of boehmite crystals with rounded shapes, however, was confirmed by 
HRTEM observation with JEOL FEG 2100F (Fig. 6c). TEM images also showed “seesaw” 
edges of reacted alkali-feldspar from the experiment (Fig. 6d), suggesting preferential dissolution 
of Na lamellae, which is consistent with SEM observations. In the 5-day experiment, boehmite 
with distinctly sharp edges was observed on alkali-feldspar as the lone secondary mineral (Fig. 
6e), which was confirmed by [010] SAED patterns, showing two dimensions for the Al 
octahedral structure (Fig. 6f). In contrast with boehmite from the 5-day experiment, boehmite 
following the 78-day experiment showed dissolution features characterized by more rounded 
grain boundaries (Fig. 6c). 

 
Recently, Zhu et al. (2004; 2006) observed an amorphous layer on naturally weathered 

feldspar, typically a few tens of nanometers thick. In the 78-day experiment, HRTEM 
observation also indicated that the alkali-feldspar grains were rimmed with an apparently 
amorphous layer (Fig. 6c). The amorphous nature of the edges was confirmed by the absence of 
electron diffraction pattern. It is still controversial whether an amorphous layer is caused by 
leaching (NESBITT and SKINNER, 2001; NUGENT et al., 1998) or is the result of silica re-
precipitation effects (HELLMANN et al., 2003; 2004). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a 
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Fig. 5. X-ray diffraction patterns of mineral products following the 5-day experiment (a) and 78-
day experiment (b). Kaolinite, boehmite, and K-feldspar were identified. The high peak intensity 
of boehmite is not a reflection of its abundance, but rather the result of preferential orientation. 
 
 

 

b 

a b 
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Fig. 6. TEM images and SAED patterns of mineral products from alkali-feldspar dissolution 
experiments at 200 °C and 300 bars. (a) Feldspar (large grains) and hexagonal secondary 
minerals (200–300 nm sized grains); (b) SAED pattern of mineral products labeled with Miller 
Indices for kaolinite (upper layer) and boehmite (lower layer); (c) Bright-field TEM image 
showing secondary minerals, with an alkali-feldspar grain at lower-right corner; (d) TEM image 
showing alkali-feldspar grain (dark color), seesaw edges indicate preferential dissolution of Na 
laminae; (e) TEM image showing alkali-feldspar grains with alteration mineral phases from the 
5-day experiment; (f) [010] SAED pattern showing the octahedral structure of boehmite in the 5-
day experiment. Unless otherwise noted, all samples were from the 78-day experiment. Image (a) 
was obtained by JEOL 1010 at 100 kV and (b)–(f) by JEOL 2100F at higher operating voltage. 
 

XPS data for the alkali-feldspar before the 78-day experiment indicate K/Al and Al/Si 
mole ratios of 0.66 and 0.37, respectively. These data are in good agreement with the surface 
chemistry of the fresh feldspar used for the 5-day experiment in spite of the fact that two 
different instruments were utilized to acquire the data (Table 3). Following the 78-day 

c d 

e f 
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experiment, however, the Al/Si mole ratio increased significantly to 0.57, while K/Al decreased 
to 0.37. These data confirm the existence of secondary mineral phases, such as kaolinite and 
boehmite, where Al has a greater compositional percentage than for K-feldspar or albite. Results 
from the 5-day experiment also indicate an increase of Al/Si mole ratio to 0.41, while the K/Al 
remained constant at 0.61, which can best be accounted for by formation of aluminous secondary 
minerals, but in less abundance than for the 78-day experiment. 
 
Table 3. XPS surface composition results1 of alkali-feldspar from both experiments in 
comparison with theoretical values for K-feldspar and kaolinite  

 K  Al O Si K/Al Al/Si 
 mole% mole ratio mole ratio 

Starting alkali-feldspar2 5.7 8.7 62.2 23.4 0.66 0.37 
78-day experiment 
Product2  5.7 16.3 62.6 15.4 0.35 1.06 

Starting alkali-feldspar3 4.8 7.9 63.2 24.1 0.61 0.33 
5-day experiment 
Product3  5.5 9.0 63.4 22.1 0.61 0.41 

K-feldspar 7.7 7.7 61.5 23.1 1 0.33 
Kaolinite - 20.9 55.8 21.8 - 1 

1Each result reflects the average value of 4 measurements from different alkali-feldspar 
grains within the same sample. 

278-day experiment 
35-day experiment 

 
Based on distribution of aqueous species calculations at experimental conditions, mineral 

saturation states during the experiments were determined (Table 4). The calculated saturation 
indices (SI, SI = log Q/K) indicate that throughout the experiments, the SI of albite is always 
negative, whereas the SI of K-feldspar becomes positive between 216 and 456 h of reaction (78-
day experiment). Therefore, albite hydrolysis is predicted to occur throughout the experiment, 
while K-feldspar incrementally approaches saturation and then supersaturation. This is consistent 
with SEM and TEM observations of mineral products showing preferential dissolution of Na 
lamellae during the study (Fig. 4 and Fig. 6d), an observation consistent with results of earlier 
studies (BUSENBERG and CLEMENCY, 1976; LAGACHE, 1976; LEE and PARSONS, 1995; 
RAFAL'SKIY et al., 1990). 
 
Table 4. Changes of mineral saturation state (log Q/K) with time in alkali-feldspar dissolution 
experiments at 200oC and 300 bars 

Time Minerals Sample # (Hours) K-feldspar Albite Boehmite Kaolinite Muscovite 
78-day experiment 

1 24 -2.82 -6.85 1.17 1.27 1.60 
2 216 -0.82 -4.42 0.85 1.98 2.96 
3 456 0.96 -2.38 2.34 5.10 7.73 
4 816 0.68 -2.71 2.04 4.31 6.86 
5 1368 2.00 -1.07 1.41 4.02 6.91 
6 1872 1.40 -1.95 0.75 2.61 5.00 

5-day experiment 
1 120 -1.14 -4.84 0.87 1.93 2.69 
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The time evolution of aqueous chemistry in the system Na2O-K2O-(Al2O3)-SiO2-H2O-

HCl system is traced on a–a diagrams (Fig. 7). The solution chemistry fell within the boehmite 
stability field after 24 h. The 120 h sample showed that the aqueous fluid crossed the boehmite-
kaolinite boundary and entered into the kaolinite stability field. Fluid chemistry fell in the 
muscovite stability field from 216 to 1872 h, but muscovite was not detected in the products. 
Dissolution of the microcline should have stopped at 456 h because the microcline was 
supersaturated at this point (Table 4), but the fluid chemistry did not reach the microcline 
stability field even at the end of the experiment. 
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Fig. 7. Activity – activity diagrams showing the phase relations in the system K2O-(Al2O3)-SiO2-
H2O-HCl at 200 °C and 300 bars. The dashed line in (a) denotes quartz saturation. Symbols 
represent experimental results of alkali feldspar dissolution in 0.2 m KCl solution at 200 °C and 
300 bars (Fu et al., 2008, see Sec. 3.1). The activity and activity ratios were obtained from 
speciation modeling of the experimental system Na2O-K2O-(Al2O3)-SiO2-H2O-HCl, based on the 
experimental solution chemistry data of Table 2. Points 1 through 7 represent experiment 
solutions at reaction time of 24, 120, 216, 456, 816, 1368, and 1872 h, respectively. The red 
dashed line in (b) connecting experimental data is for visualization of fluid chemical evolution.  
 
 
 
4.1.2. Results from the Experiment 1 
 

With the baseline experiment discussed above, we conducted the experiment with CO2 to 
evaluate the role of CO2 in reaction kinetics (see Table 1 on page 13). Time series changes in 
fluid chemistry from the experiments are listed in Table 5 and shown in Fig. 8. The changes in 
dissolved concentrations of Na+, Al3+, and SiO2 are consistent with albite dissolution. Calculated 
in situ pH values increased from 4.5 to 5.7.  

 

Fig. 8. Changes in the dissolved concentrations of selected aqueous constituents with time for the 
perthitic alkali-feldspar dissolution experiments with the presence of CO2 at 200 °C and 300 bars.  

 
SEM photomicrographs of the feldspar grains following experiments (Fig. 9) revealed 

laminar channels and etch pits, demonstrating dissolution heterogeneities, with albite laminae 
preferentially dissolved. The presence of these mineral dissolution features was less extensive in 
the 5-day experiment than the 27-day experiment. Secondary minerals covered approximately 
20% of total alkali-feldspar surface in 27-day experiment. But only 5% of feldspar surface in 5-

a b 
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day experiment. Secondary minerals were mostly evenly distributed on feldspar surface, but 
aggregates at kinks were also observed. TEM studies showed that the platelets are boehmite (Fig. 
10). The presence of boehmite in the products was confirmed with XRD studies (see below). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. (a) and (b) SEM backscatter micrograph of alkali-feldspars after 5 d reaction in 
Experiment 1. Feldspar shows pitted surface. The coverage of secondary minerals on feldspar 
surface is less than 5%. (c) SEM micrograph of alkali-feldspars after 27 d or 648 h reaction. 
Secondary mineral platelets (boehmite?) with the size of < 0.5 micron and aggregated. 
 
 
 

a b 

c 
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Table 5. Major dissolved constituents in aqueous fluid (mmol/kg, except for pH) coexisting with 
alkali feldspar and reaction products at 200 oC and 300 bars 

Time 
(h) 

SiO2 Na+ Al3+ K+ Cl- CO2(aq) Measured 
pH (25 

oC) 

Calculated 
in situ pH 
(200 oC) 

0 - - - 200.0 200.0 50.0 4.0 4.5 
24 0.40 0.26 0.01 196.31 199.22 47.90 4.3 4.9 

120* 1.96 1.89 0.006 200.0# 200.0# 50.0# 4.0 5.0 
144 1.88 0.45 0.01 194.30 196.51 44.47 4.5 5.1 
312 2.30 0.93 0.02 195.35 197.48 45.83 5.0 5.6 
480 2.42 1.41 0.06 196.19 199.40 45.35 5.1 5.7 
648 2.49 0.97 0.09 195.40 198.77 45.17 5.1 5.7 

*Terminated after 5 days. #Assumed, not measured concentrations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. TEM images of alkali-feldspars after 120 h’s dissolution experiment with the presence 
of CO2 using ultrasonication sample preparation method. The sample with CO2 shows bohemite 
(plates) and un-identified phase (rod-like). 

 

XRD pattern of the clay fraction of mineral products in the 27-day experiment showed 
the presence of kaolinite, boehmite, and muscovite (Fig. 11). Geochemical modeling results 
show that the experimental solutions were undersaturated with respect to albite, but 
supersaturated with respect to microcline with exception of the first sample, and supersaturated 
with respect to boehmite, kaolinite, and muscovite (Table 6).  
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Fig 11. X-ray diffraction pattern of mineral products recovered following 648-h experiment 
(Experiment 1 (St. Paul)). Boehmite (ICDD card number: 21-1307), Muscovite (ICDD card 
number: 6-263), Kaolinite (ICDD card number: 14-164) and feldspar were identified.  
 
Table 6. Mineral saturation indices at each sampling time in experiments for the alkali feldspar 
dissolution in 0.2 m KCl and 0.05 m CO2 solution at 200 oC and 300 bars†. 

Time (h) In situ pH  Albite Boehmite Diaspore Kaolinite Microcline Muscovite Paragonite Pyrophyllite Quartz 
24 4.9 -5.13  1.18  1.40 1.43 -0.88 3.44 -1.04  -0.96 -0.96 

(120) 5.0 -2.41  0.87  1.09 2.18 0.99 4.69 1.06  1.19 -0.27 
144 5.1 -2.85  1.00  1.22 2.42 1.16 5.13 0.88  1.38 -0.29 
312 5.6 -1.94  0.83  1.05 2.25 1.75 5.37 1.44  1.39 -0.20 
480 5.7 -1.22  1.21  1.43 3.05 2.30 6.68 2.93  2.23 -0.18 

(648) 5.7 -1.17  1.38  1.61 3.43 2.51 7.25 3.33  2.63 -0.16 
† The parentheses on time in the first column on left denote to the time that the experiment was 
terminated and solids were recovered for characterization. In situ pH was calculated from the 
speciation modeling. 
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4.1.3. Results from the Experiment 6 
 

In this experiment, we intended to evaluate feldspar-CO2 interactions using a different 
feldspar (see Table 1 on p.13). The temporal evolution of the aqueous chemistry was shown in 
Table 7 and Fig. 12. SEM micrographs show dissolution features and precipitation of secondary 
minerals on the feldspar surfaces (Fig. 13). Geochemical modeling calculations show that the 
experimental solutions were supersaturated with respect to albite with the exception of the first 
sample, undersaturated with respect to microcline, and supersaturated with respect to boehmite, 
kaolinite, and paragonite (Table 8).  

 

Fig. 12. Changes in the dissolved concentrations of selected aqueous constituents with time for 
the alkali-feldspar dissolution experiments with the presence of CO2 at 200 °C and 300 bars.  
 
Table 7. “Experiment 6”: Time-dependent changes in the composition of major dissolved species 
in aqueous fluid coexisting with K-feldspar at 200 oC and 300 bars.  
Sample Time Na+ Mg2+ K+ SiO2 Al3+ Ca2+ Li+ NH4

+ Cl- CO2(aq) pH 
 (h) (mmol/kg) 25 oC  200 oC 

calculated 
starting 0 50.22 0.01 0 0 0 0.03 0 0.01 48.18 6.0 5.0 5.7 

#1 24 50.03 0.01 0.37 1.40 0.02 0.03 0.01 0.05 48.41 6.1 5.3 5.9 
#2 408 49.87 0.01 0.87 2.80 0.03 0.03 0.01 0.05 49.53 6.2 5.4 6.0 
#3 672 49.50 0.05 0.87 2.92 0.18 0.13 0.01 0.04 49.97 6.0 5.5 5.7 
#4 1176 49.63 0.01 0.80 2.86 0.02 0.17 0.01 0.05 49.85 6.2 5.6 6.2 
#5 1848 50.13 0.02 0.79 2.72 0.03 0.05 0.01 0.18 49.80 6.1 5.4 6.0 
#6 3384 50.65 0.02 1.01 3.04 0.02 0.05 0.01 0.14 50.11 6.1 5.7 6.3 

Note: For K-feldspar dissolution in 50 mmol/kg NaCl solution and 6 mmol/kg CO2(aq) at 200 °C and 300 
bars experiment. The overall analytical error for dissolved species is ±5%. In-situ pH is calculated from 
distribution of aqueous species calculations at the temperature and pressure of the experiment using 
constraints imposed by major element concentrations and pH values measured at 25oC. 
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Fig. 13 . SEM micrograph of products from Experiment 6. (a) typical Alkali feldspar 
heterogeneous surface after dissolution experiment. Dissolution features of terraces, kinks, and 
steps are visible. Small amount of secondary minerals are deposited either near kinks (a,c) or 
evenly on the surface (b).  
 
Table 8. Mineral saturation indices (SI) at each sampling time of Experiment 6†. 
Time (h) In-situ pH  Albite Boehmite Diaspore Kaolinite Microcline Muscovite Paragonite Pyrophyllite Quartz 

24 5.9 -0.83  0.52  0.74 1.18 -1.56 1.45 1.95  -0.14 -0.43 
408 6.0 0.25  0.60  0.82 1.94 -0.11 3.06 3.18  1.22 -0.13 
672 5.7 1.08  1.67  1.89 4.12 0.72 6.03 6.15  3.44 -0.11 

1176 6.2 0.10  0.23  0.45 1.21 -0.30 2.12 2.28  0.50 -0.12 
1848 6.0 0.22  0.60  0.82 1.91 -0.19 2.97 3.14  1.17 -0.14 
3384 6.3 0.19  0.12  0.35 1.06 -0.12 2.10 2.16  0.41 -0.09 

†For IUB-AF dissolution in 50 mmol/kg NaCl solution and 6 mmol/kg CO2(aq) at 200 °C and 300 bars. 
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4.1.4. Results from the Experiment 7 (“Dawsonite Precipitation”) 
 

In this experiment, we let albite to react with CO2-impregnated brine for a long duration 
(Table 1 on p. 13) in order to evaluate whether dawsonite can be precipitated. Dawsonite is a 
relatively rare mineral, but in recent years, it has been proposed as a good candidate for mineral 
trapping. The time series changes in fluid chemistry from the dissolution of Amelia albite are 
listed in Table 9 and shown in Fig. 14. Dissolved SiO2 increased, reaching 0.85 mM after 960 h 
of reaction (Table 9). The solution chemistry is consistent with characterization of solid products. 
Solids were recovered at the end of the experiment (275 d or 6600 h). Typical dissolution 
features (e.g., terraces, kinks, steps) are visible on the surface of the albite particles (Fig. 15c, d, 
e), indicating that dissolution is heterogeneous. The results indicate that secondary minerals are 
clay minerals (Fig. 15d, f).  XRD pattern shows that the clay minerals are paragonite and minor 
kaolinite (Fig. 16). The presence of kaolinite was confirmed with TEM micrograph (Fig. 17a). 
TEM also shows presence of an Al-bearing phase probably boehmite (Fig. 17b,c). 

 
 

Table 9. Time-dependent changes in the composition of major ions in aqueous fluid  
Sample Time Na+ SiO2 Al3+ K+ Mg2+ Ca2+ Cl- CO2(aq) pH pH 

 (hours) (mmol/kg) 25oC, 
1 bar 

150oC, 
300 bars 

starting 0 198.66 0 0 0 0 0 195.43 13.3 3.70 3.76 
#1 24 199.78 0.47 0.047 0.11 0.13 0.20 194.89 13.1 4.13 4.02 
#2 456 200.28 0.64 0.039 0 0 0.18 192.02 11.5 4.53 4.51 
#3 960 197.14 0.85 0.019 0 0 0.17 190.74 10.3 4.79 4.94 
#4 2472 198.98 0.99 0.052 0.12 0 0 189.57 9.7 4.88 4.91 
#5 4392 196.50 1.00 0.045 0.24 0.15 0.21 191.43 9.3 5.00 5.09 
#6 5568 194.03 0.91 0.066 0.16 0.12 0 191.50 9.2 5.02 5.04 
#7 6600 205.01 0.85 0.071 0.15 0.27 0.29 194.72 9.2 5.07 5.10 
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Fig. 14. Changes in the dissolved concentrations of selected aqueous constituents with time for 
the albite dissolution experiments with the presence of CO2 at 150 °C and 300 bars.  
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Fig. 15. SEM micrographs of (Experiment 7 (Dawsonite)) show (a) albite grains before the 
hydrothermal experiments, which are free from extra-fine particles and have angular shapes. This 
morphology is to be compared to reacted feldspars; (b) an albite particle after dissolution 
experiment. Surface topography consists of irregular, blocky terraces. The foreign objects are 
possibly debris of albite; (c) Enlargement of (b). Seesaw edges of dissolution terraces. Terraces 
covered by barely visible surface precipitates (<0.5 μm) in the form of platy crystals. The total 
coverage is about 1%; (d) surface of an albite particle after reaction showing dissolution 
stepwaves on twinned crystals. Precipitate is made of aggregates of secondary crystals; (e) an 
albite particle after dissolution experiment. Surface topography of dissolution terraces with 
irregular edges and irregular etch pits (with the size of <0.1 μm -1μm). The dissolution was 
intensive; (f) Clusters of small secondary crystal aggregates and dissolution terraces with seesaw 
edges; or 6600 hours). SEM micrographs show that albite exhibits irregular and pitted surface 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 16. X-ray diffraction pattern of mineral products following albite dissolution experiment 
(Experiment 7 dawsonite). A- Albite, ordered (ICDD: 9-466), P-Paragonite-1M (ICDD: 24-
1047), K-Kaolinite (ICDD: 14-164), and S-silver (ICDD: 4-783) was from silver filter membrane. 
Note that A(W) and P(W) represent tungsten radiation (due to aged XRD tube) peaks of Albite 
and Paragonite, respectively. Grey line: “filtering-slurry mount” method. Black line: “slurry 
mount” method.  
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Fig. 17. TEM images (a) kaolinite like clay particle with a d-spacing ~ 0.7 nm; (b) A and B are 
Al-containing particles, probably boehmite; (c) EDS that shows A and B contain mainly Al. 
 
 

The concentrations of dissolved CO2
o(aq) decreased from 13.3 to 9.2 mM. The decrease 

of CO2
 o(aq)  concentrations with time suggests possible precipitation of a carbon-containing 

phase such as dawsonite [NaAlCO3(OH)2]. However, XRD pattern (Fig. 16) did not show 
discernable the peaks of dawsonite. Geochemical modeling, using the solubility product for 
dawsonite, described by the reaction at 150 oC, 

 
+ - - +

3 2 2 4 3NaAlCO (OH) +2H O=Na +Al(OH) +HCO +H  (1) 

was calculated from equation 15 of Benezeth et al. (2007), which is based on their solubility 
measurement of dawsonite at 50 – 200 oC. The results showed that the experimental solutions 
were undersaturated with respect to dawsonite, which corroborates with the XRD results. 
Geochemical modeling results also show that boehmite, kaolinite, and paragonite were 
supersaturated. Alternatively, the decrease of CO2(aq) could have resulted from degassing of the 
samples.  
 

One of the better outcomes in terms of the fate of injected CO2 in deep geological 
formation is “mineral trapping” — the precipitation of carbonate–containing minerals that are 
immobile (Gunter et al., 1997). The mineral dawsonite [NaAlCO3(OH)2] was predicted to form 
in significant quantities as a CO2 mineral trap in numerical reactive transport simulations of CO2 
injection into the Sleipner aquifers, North Sea (JOHNSON and NITAO, 2002; JOHNSON et al., 2001), 
into the Navajo sandstone on the Colorado Plateau (White et al., 2005), into the Rose Run 
sandstone aquifer in Ohio (Zerai et al., 2006), and into sandstone aquifers resembling the Frio 
Formation in Texas (Xu et al., 2003; Xu et al., 2004). However, there is a lack of experimental 
data to support these computer model predictions. Such approximations may result in significant 
uncertainties in numerical predictions. Dawsonite is a naturally occurring mineral. Its main 
geological occurrences are as hydrothermal alteration product of igneous rocks, in saline, 
alkaline lacustrine basins (e.g., Green River Formation, Hay, 1963) and the Bowen-Gunnedah-
Syndney basin in Eastern Australia. The most prominent argument of dawsonite as a mineral trap 

c 
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was put forwarded by Moore et al. (2005), who showed pore filling dawsonite in the 
Springerville-St. Johns CO2 field.  

 
Our experiment of Amelia albite with CO2 and NaCl did not precipitate dawsonite. It 

could be that dawsonite does not form readily by reacting with albite (Kaszuba, 2007), but 
Figure 18 shows the dawsonite stability field under typical reservoir conditions of 150 oC and 
300 bars. At 150 oC and 300 bars, CO2 solubility in a 2 m NaCl solution is approximately 0.95 m 
(DUAN et al., 2006). Our conclusion is thus in agreement with that of Hellevang et al. (2005) that 
dawsonite is not stable in typical formation waters.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 18. Activity-activity diagram depicting mineral stability fields in the system Na2O-Al2O3-
SiO2-CO2-H2O at 150 °C. SiO2 activity is fixed by quartz saturation. Dots stand for experimental 
data from Experiment 7. 
 
 

4.2. Navajo Sandstone Experiments 

A total of three hydrothermal experiments have been conducted to assess the primary 
mineral dissolution and secondary mineral precipitation kinetics and to test the feasibility of 
using the Navajo Sandstone saline aquifer for CO2 storage. The first batch experiment exposes 
the Navajo Sandstone to CO2-impregnant brine and assesses the mineral reactivity as it affects 
permeability, porosity, and permanent sequestration via precipitation of carbonates and 
dissolution/precipitation of silicates and clay. These data will provide input for further simulation 
studies and direct evidence for answering the question “is the Navajo Sandstone a viable 
formation for geologic carbon sequestration?” The second batch experiment dissolves the Navajo 
Sandstone in acidic brine without CO2 and serves as a base case to be compared with experiment 
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#1. Finally, a flow-through experiment (experiment #3) is performed to measure the sandstone 
dissolution rates based on variations of Si concentration as a function of time. Our experimental 
pressures (250-300 bars) are similar to the pressure of the target formation studied by the Big 
Sky Carbon Sequestration Partnership (265.4 bars), but the experimental temperature is higher 
(200o C) than that of the Big Sky study (~98 o C). Our pressure and temperature conditions are 
comparable with those in Kuszuba et al. (2003; 2005) (200 bars and 200o C). Gunter et al. (1997) 
also used higher temperature (105o C) than that of the corresponding aquifer (54o C) because 
experiments at 54 oC did not produce observable reactions. The higher temperature in this study 
is necessary to accelerate the reactions to measurable rates in the laboratory. The higher 
temperature is justifiable because performance assessments are on the orders of thousands of 
years or longer (WILDENBORG and VAN DER MEER, 2002). 

 
4.2.1. Navajo sandstone before hydrothermal reactions.  

 
Detailed studies of untreated Navajo Sandstone were described in Zhu et al. (2006). XRD 

analysis of the bulk Navajo Sandstone shows ~ 90% by weight quartz, with minor amounts of K-
feldspar and smectite, and trace amounts of kaolinite and illite/mica (ZHU et al., 2006). Feldspar 
grains are covered with an inner layer of kaolin and an outer layer of smectite (ZHU et al., 2006). 
Smectite coatings occur not only on feldspar grains but also on quartz and Fe-Ti oxides (ZHU et 
al., 2006). X-ray diffraction results confirmed Zhu et al.’s (2006) findings that the clay coating 
on the Navajo Sandstone is mainly composed of smectite and kaolinite (Fig. 19).  

 
Fig. 19 shows SEM microphotographs of the Navajo Sandstone after ultrasonication 

removed the clay coatings. These images are to be compared with the images after the 
experiments. After ultrasonication, the smectite coating is largely removed (Fig. 20). However, 
the kaolinite coating persists on the K-feldspar surface (Figs. 20b and 20c).  
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Fig. 19. X-ray diffraction patterns of the clay fraction in Navajo Sandstone before (grey line) and 
after reactions with CO2-imprenanted brine (black line). Before reaction the clay fraction is 
mainly composed of smectite (with the (001) reflection between 14-15 angstroms) and kaolinite 
(K, ICDD: 14-164). The clays of the reacted sandstone shows an (001) reflection of 11-12 
angstroms (illite/smectite), suggesting illitization of smectite due to hydrothermal reactions. 
Kaolinite and allophane were also identified. “I” Illite (ICDD: 29-1496), “A” Allophane (ICDD: 
38-499), “I/S” illite/smectite. 
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Fig. 20. (a) A K-feldspar particle image after sonication with a sonic probe. The K-feldspar is 
rounded with pitted surface topography. The identification of K-feldspar was confirmed by EDS; 
(b) Enlargement of one of the etch-pits outlined by the black box in (a), showing dissolution 
features. A kaolinite coating is visible to the right of the etch-pit; (c) Enlarged view of the 
kaolinite coating. The kaolinite is euhedral to semi-euhedral hexagonal platelets, with a size of ~ 
0.5 μm. These platelets are aggregated and well-oriented, but do not form a continuous cover. 
The basal plane always faces the feldspar surface; (d) A typical quartz particle after the 
ultrasonication treatment and before the dissolution experiment. The surface of the quartz is 
coated with incipient quartz overgrowth; (e) High resolution view of an area outlined by the 
black box in (d), showing incipient quartz overgrowth.  
 

4.2.2. Batch experiment 1: Navajo sandstone dissolution in CO2-impregnanted brine.  
 

The first Navajo Sandstone dissolution experiment is a batch experiment at 200 oC and 300 
Bars and pH 4.1 (measured at 25 oC). Four grams of Navajo sandstone were reacted with 40 
grams 200 mmol/kg KCl solution in the presence of 20 mmol/kg CO2 (aq). X-ray diffraction 
results (Fig. 19) indicate that our experiment produced secondary clay minerals after 552 hours 
of reaction. Hydrothermal reactions led to the illitization of smectite minerals (Fig. 19). The peak 
at 11-12 angstroms is illite/smectite. Illitization of smectite has been widely documented by 
XRD studies and continues to draw the attention of researchers all over the world. From the time 
of the pioneering study of Hower et al. (1976), there has been general agreement that illitization 
of smectite involves interstratified intermediates, with the proportion of illite in mixed-layer 
illite/smectite increasing as a function of increasing temperature, time and burial depth of basin 
sediments (e.g., BAULUZ et al., 2002; CUADROS and LINARES, 1996). Kaolinite and allophane 
were also identified (Fig. 19). While kaolinite was present before the experiment, allophane was 
newly precipitated as a reaction product in the experiment. Allophane (Al2Si2O5 • 3H2O) is a 
poorly crystallized hydrous aluminum silicate clay mineral and has a composition similar to 
kaolinite (Al2Si2O5(OH)2). Rhombohedra-shaped carbonate grains were occasionally found on 
quartz particles (Fig. 21f). However, there are not sufficient quantities of carbonate minerals to 
be successfully identified with XRD. 

 
         SEM images show that the morphology of the sandstone change during the course of the 
experiment. The reacted sandstone displays evidence of participating in fluid-rock interactions, 
which has also been observed in Kaszuba et al.(2003; 2005). Solution chemistry data (Si 
concentrations increase with time) suggests silicate dissolution (Table 10), although dissolution 
features on sandstones are not evident. Abundant clay minerals adhere to quartz and K-feldspars 
after the reaction and commonly bridge the pores. Product minerals observed with SEM are 
consistent with XRD results. Newly formed allophane aggregates fill the pores (Fig. 21a and 
21c). These allophanes are poorly crystallized. XRD (Fig. 19) and SEM with X-ray 
microanalysis (SEM/EDS) analysis (Fig. 20d) confirm the identity of allophane. SEM 
observations confirmed the illtization of smectite. The morphologies range from the typical 
"corn-flake," "maple leaf," or "honeycomb" habit of smectite to the typical platy or scalloped 
(with curled points) habit of illite, as described by Keller et al. (1986). Elongated fabric, platy or 
ribbon-like illite/smectite is shown in Figs. 20a-20g. This morphology of illite/smectite has also 
been observed in Keller et al. (1986), Nadeau (1998), Nadeau et al. (2002), and Celik et al. 
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(1999). Illite, as interwoven ribbons, is intimately associated with the smectite (Fig. 21g). The 
smectite and kaolinite coatings persisted on the K-feldspar grains, indicating that the chemical 
reactions did not remove the coatings (Fig. 21h-j).  
 

The solution chemistry results are presented in Tables 10 and 11. During the experiment, 
dissolved K+ and Cl- concentrations remained relatively constant (Table 10). Dissolved SiO2 
increased, reaching 2.20 mmol/kg by the end of experiment. The smectite-to-illite conversion 
generally consumes K+ and releases SiO2 (CUADROS and LINARES, 1996). This conversion is 
likely to be a source of increased SiO2. Another source of SiO2 is dissolution of feldspars. 
Saturation index calculations indicate that the solution is undersaturated with respect to albite 
and anorthite during the entire course of the reaction (see below), suggesting the dissolution of 
plagioclase. The dissolved concentrations of Mg2+ and Ca2+ also increased with time. Mg2+ and 
Ca2+ are probably from K+ cation exchange with Mg2+ and Ca2+ in smectite. There was only a 
slight decrease in dissolved CO2 concentration during the experiment (which suggests the 
formation of carbonates) while pH values increased slowly with reaction progress. Generally, the 
dissolved concentrations of most minor and trace elements approached steady-state values within 
the first 48 hours (Table 11). Fe, Sr, and Ba are probably from K+ cation exchange with Fe, Sr, 
and Ba in smectite. 

 
Table 10. Time-dependent changes in the composition of major dissolved species in CO2-bearing 
aqueous fluid coexisting with Navajo sandstone at 200 oC and 300 bars. The overall analytical 
error for dissolved species is ±5%.  

Sample Time K+ SiO2 Al3+ Na+ Mg2+ Ca2+ Cl- SO4
2- CO2(aq) pH 

 (h) (mmol/kg) 25oC In-situ*
starting 0 197.26 - - 0.17 - - 200.77 0.04 20.3 4.1 4.4 

#1 48 195.00 0.89 0.01 0.26 0.09 0.29 193.33 0.16 19.2 4.7 5.2 
#2 144 190.42 1.70 0.01 0.08 0.11 0.26 197.76 0.05 19.7 4.8 5.4 
#3 336 193.32 2.03 0.10 0.14 0.17 0.34 192.38 - 19.5 4.9 5.3 
#4 552 199.60 2.20 0.02 0.05 0.19 0.33 193.66 0.18 19.6 4.9 5.6 

In-situ pH is calculated from distribution of aqueous species calculations at the temperature and 
pressure of the experiment using constraints imposed by major element concentrations and pH 
values measured at 25oC. 
 
Table 11. Time-dependent changes in the composition of minor and trace dissolved species in 
CO2-bearing aqueous fluid coexisting with Navajo Sandstone at 200 oC and 300 bars. The 
overall analytical error for concentration measurements is ±5%.  

Sample Time Li Cr Fe Mn Co Ni Cu Zn Rb Sr Cs Ba 
 (h) (ppm) 

Starting 0 - - - - - - 0.10 0.24 0.29 0.01 0.01 0.01
#1 48 - - 1.70 0.09 0.01 - 0.06 0.32 0.27 0.36 0.01 0.22
#2 144 - - - 0.08 - - 0.13 0.20 0.27 0.36 0.01 0.30
#3 336 0.04 0.01 6.63 0.13 0.01 0.25 0.27 0.38 0.43 0.36 0.08 0.25
#4 552 0.05 - 0.67 0.12 - 0.18 0.09 0.17 0.32 0.35 0.02 0.24
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Fig. 21. (a) SEM microphotograph shows a ribbon-like secondary mineral bridging two quartz 
particles and aggregated secondary minerals filling the pore between the quartz particles; (b) 
Enlarged view of the platy, flaky secondary mineral (approximately 8 μm wide) shown in (a) 
with slightly scalloped, curled edges. This morphology looks similar to the reference illite shown 
in Keller et al. (1986). It is likely to be illite/smectite, with the chemical composition close to the 
illite end member; (c) Enlarged view of the aggregated secondary mineral. Poorly-crystallized 
allophane partly fills pores. Allophane has not been observed in the sandstone reactant and thus 
is newly formed; (d) EDS analysis yielding nearly equal peak heights of Si and Al suggests the 
minerals are probably allophane; (e) SEM microphotograph shows the smooth, flaky secondary 
mineral filling the pore and bridging two quartz particles. Similar morphology of illite/smectite 
was also shown in Keller et al. (1986), Nadeau (1998), Nadeau et al. (2002), and Celik et al. 
(1999); (f) SEM microphotograph shows rhombohedra-shaped secondary minerals (indicated by 
black arrows), approximately 1 μm in size. These minerals are likely to be carbonates. However, 
it was difficult to confirm with EDS due to their small size. The flaky secondary mineral 
(approximately 3 μm wide) to the left is illite/smectite; (g) SEM microphotograph shows 
secondary minerals on a quartz surface. The smooth, flaky secondary minerals (marked as “1” 
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and “2”) are illite/smectite. The interwoven ribbons feature is a typical morphology of illite 
(marked as “3”). The length of a single ribbon is about 2 μm. The existence of illite was 
confirmed by XRD (Figure 1); (h) SEM microphotograph shows a K-feldspar particle after 
reaction. A massive, webby smectite aggregate covers the right-hand part of the K-feldspar; (i) 
Enlarged view of an area outlined by the box in (h). Well-developed, highly crenulated smectite 
formed a thin, webby crust. The webby morphology is a common crystal habit of smectite. The 
morphology of the webby smectite is similar to that shown in Zhu et al. (2006), but it is much 
denser; (j) SEM microphotograph shows pore-filling kaolinite on a K-feldspar particle. The 
kaolinite particles are semi-euhedral platelets. These platelets are aggregated and well-oriented, 
but do not form a continuous cover. The basal plane always faces the feldspar surface. 
 

The measured fluid chemistry and pH, when considered alongside aqueous speciation 
distribution, and taking explicit account of mass balance, mass action and charge balance 
constraints, together with constraints imposed by the revised HKF equation of state, (JOHNSON et 
al., 1992; SHOCK and HELGESON, 1988; SHOCK et al., 1989; SHOCK et al., 1992; SVERJENSKY et 
al., 1997) permit calculation of ion activities of dissolved species. Speciation-solubility 
calculations were facilitated with the geochemical modeling code PHREEQC (PARKHURST and 
APPELLO, 1999). Thermodynamic data used in the speciation-solubility calculations are listed in 
Table 12. 

 
Mineral saturation indices (SI) calculations (Table 13) show that the solution is 

supersaturated with respect to microcline and undersaturated with respect to albite during the 
entire course of the reaction; the solution changes from undersaturated (144 h) to supersaturated 
(336 h) back to undersaturated (552 h) with respect to anorthite; the solution is supersaturated 
with respect to calcite and magnesite and slightly undersaturated with respect to quartz. SI 
calculations indicate that the formation of carbonate minerals (e.g., calcite and magnesite) is 
thermodynamically favored. As for the clay minerals, the solution is supersaturated with respect 
to kaolinite and illite during the entire course of the reaction and changes from undersaturated to 
supersaturated with respect to beidellite-K (a type of smectite) and montmorillonite-K (a type of 
smectite) at 144 h and 336 h, respectively.  
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Table 12. Thermodynamic data used in this report, calculated with the computer code of 
SUPCRT92 (JOHNSON et al., 1992).  
Aqueous reactions logK 

25oC  
logK 

200oC 300 bar 
logK 

200oC 250 bar 
Ref 

H2O = OH- + H+ -13.995 -11.163  -11.183 (1) 
H2O + Al+3 = AlOH+2 + H+ 
2H2O + Al+3 = Al(OH)2

+ + 2H+ 
3H2O + Al+3 = Al(OH)3

o + 3H+ 
4H2O + Al+3 = Al(OH)4

- + 4H+ 
Na+ + 4H2O + Al+3 = NaAl(OH)4

o + 4H+ 
SiO2 + 2H2O + Al+3 = AlH3SiO4

+2 + H+ 

-4.964 
-10.921 
-17.044 
-22.851 

-22.9 
-2.357 

-1.446 

-3.630 

-7.301 

-11.572 
-10.748 

1.86 

-1.438 
-3.614 
-7.281 

-11.557 
-10.724 
1.858 

(2) 
(2) 
(2) 
(2) 
(2) 
(2) 

Na+ + H2O = NaOHo + H+ -14.205 -11.087 -11.095 (3) 
Na+ + Cl- = NaClo  -0.777 0.019 .031         (4) 
K+ + Cl- = KClo   0.456 0.464 (5) 
H+ + Cl- = HClo -0.710 -0.15 -0.15         (6) 
K+ + H2O = KOHo + H+ -14.439 -10.939 -10.946 (3) 
Na+ + HCO3

- = NaHCO3 0.1541 -1.213  (7) 
Na+ + HCO3

- = NaCO3
- + H+ -9.8144 -12.632  (7) 

K+ + HCO3
- = KHCO3 0.1541 -1.213  (8) 

K+ + HCO3
- = KCO3

- + H+ -9.8144 -12.632  (8) 
Cl- + Ca+2 = CaCl+ -0.292 1.146 1.159       (4) 
2Cl- + Ca+2 = CaCl2

o -0.644 0.672 0.700       (4)  
H2O + Ca+2 = CaOH+ + H+ -12.833 -7.961 -7.956 (3) 
Ca+2 + HCO3

- = CaCO3
o + H+ -7.002 -5.05  (3) 

Ca+2 + HCO3
- = Ca(HCO3)+ 1.047 2.305  (4) 

HCO3
- + H+ = CO2

o + H2O 6.345 7.067  (3) 
CO3

-2 + H+ = HCO3
- 10.329 10.298  (3) 

NH3
o + H+ = NH4

+ 9.241 5.825  (3) 
Mg+2 + HCO3

- = MgHCO3
+ 1.036 2.288  (9) 

Mg+2 + HCO3
- = MgCO3 + H+ -7.35 -5.92  (4) 

Ca+2 + SO4
-2 = CaSO4 2.111 3.291 3.313 (3) 

Mg+2 + Cl- = MgCl+ -0.135 0.911 .924       (4) 
Mg+2 + H2O = Mg(OH)+ + H+ -11.682 -7.424       -7.419 (4) 
H+ + SO4

-2 = HSO4
- 1.979 4.350 4.369 (4) 

K+ + SO4
-2 = KSO4

- 0.88 1.854 1.864 (4) 
K+ + HSO4

- = KHSO4 -3.474 -1.366 -1.355 (4) 
Mg+2 + SO4

-2 = MgSO4 2.23 3.383 3.408       (4) 
Na+ + SO4

-2 = NaSO4
- 0.7 1.666 1.683       (4) 

SiO2 + H2O = HSiO3
- + H+ 

SiO2 + H2O + Na+ = NaHSiO3
o + H+ 

-9.585 
-7.754 

-8.707 

-7.767 
-8.728 
-7.775       

(4) 
(4) 

Mineral reactions     
KAlSi3O8 (microcline) + 4H+  = Al+3 + K+ + 2H2O + 3SiO2(aq) -1.050 -3.923 -3.975        (10) 
NaAlSi3O8 (albite) +4H+ = Al+3 + Na+ + 2H2O + 3SiO2(aq) 2.065 -2.508 -2.561        (10) 
CaAl2Si2O8 (anorthite) + 8H+ = Ca+2 + 2Al+3 + 2SiO2(aq) + 4H2O 23.68 4.042 3.954       (10) 
AlO2H (diaspore) +3H+ = Al+3 + 2H2O 7.191 0.02 -0.005         (10) 
AlO2H (boehmite) +3H+ = Al+3 + 2H2O 7.595 0.242 0.217        (11) 
CaCO3 (calcite) + H+ = Ca+2 + HCO3

- 1.816 -0.438  (10) 
MgCO3 (magnesite) + H+ = Mg+2 + HCO3

- 2.29 -1.066  (10) 
NaAlCO3(OH)2 (Dawsonite) + 3H+ = Al+3 + HCO3

- + Na+ +2H2O 4.3464 -0.4756 -0.4756 (12) 
CaMg(CO3)2 (Dolomite) + 2H+  =  Ca+2 + Mg+2 + 2HCO3

- 3.240 -2.018  (10) 
SiO2 (quartz) =  SiO2(aq) -4.047 -2.424 -2.431        (10) 
CO2(g) = CO2

o -1.473 -2.132  (10) 
Al2Si2O5(OH)4 (kaolinite) + 6H+ = 2Al+3 + 2SiO2(aq) + 5H2O 4.501 -5.354 -5.415       (10) 
KAl3Si3O10(OH)2 (muscovite) + 10H+ = K+ + 3Al+3 + 3SiO2(aq) + 6H2O 11.22 -5.407 -5.506       (10) 
NaAl3Si3O10(OH)2 (paragonite) + 10H+ = Na+ + 3Al+3 + 3SiO2(aq) + 6H2O  14.397 -3.753 -3.852        (10) 
Al2Si4O10(OH)2(pyrophyllite) + 6H+ = 2Al+3 + 4H2O + 4SiO2(aq)  -1.724 -9.733 -9.809       (10) 
K0.6Mg0.25Al2.3Si3.5O10(OH)2(illite) + 8H+ = 0.25Mg+2 + 0.6K+ +  2.3Al+3 + 
3.5SiO2(aq)+ 5H2O 

9.0260 -4.6120 -4.6120 (13) 

K0.33Al2.33Si3.67O10(OH)2(Beidellite-K) +7.32H+ = 0.33K+ + 2.33Al+3 + 3.67 
SiO2(aq) + 4.66H2O 

5.252 -6.559 -6.644 (10) 

K0.33Mg0.33Al1.67Si4O10(OH)2(Montmorillonite-K) +6H+  =  0.33Mg+2 + 0.33K+ + 
1.67Al+3 + 4H2O + 4SiO2(aq) 

2.102 -5.766 -5.839 (10) 

(1) Haar et al.(1984); (2) Tagirov and Schott (2001); (3) Shock et al. (1997); (4) Sverjensky et al. (1997); (5) Ho et 
al., (2000); (6) McCollom and Shock (1997); (7)Wagman et al. (1982), 200 oC, Psat; (8) Assumed log K as same as 
Na species; (9) Shock and Koretsky (1995); (10) Holland and Powell (1998); (11) Hemingway et al. (1991) for 
boehmite; (12) Robie and Hemingway (1995), 200 oC, Psat; (13) Wolery (1978), 200 oC, Psat. 
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Table 13. Saturation indices calculation for sandstone experiment #1. 
 

 

 

 

 

 

 

 

 

 

4.2.3. Batch experiment 2: Navajo sandstone dissolution in acidic brine.  
 

The second Navajo Sandstone dissolution experiment is a batch experiment at 200 oC and 
300 Bars without the presence of CO2 (aq). Four grams of Navajo sandstone are reacted with 40 
grams 200 mmol/kg KCl solution at pH 2.8 (25 oC). The solution chemistry results are presented 
in Tables 14 and 15. During the experiment, dissolved K+ and Cl- concentrations remain 
relatively constant (Table 14). Dissolved SiO2 continuously increases, reaching 4.93 mmol/kg at 
696 h and then approaches steady-state. The sandstone dissolves much faster in this experiment 
than in Experiment #1 because the initial pH of experiment #2 (2.8 at 25 oC) is much lower than 
that of experiment #1 (4.1 at 25 oC). The release of SiO2 is possibly due to both dissolution of 
feldspars (albite, plagioclase, and anorthite; see SI calculations below) and the conversion of 
smectite to illite. Dissolved Al3+ reaches a maximum value of 0.l4 mmol/kg at 24 h and 
decreases thereafter. The dissolved concentrations of Mg2+ and Ca2+ also increase with time. 
Mg2+ and Ca2+ are probably from K+ cation exchange with Mg2+ and Ca2+ in smectite. pH values 
increase rapidly with reaction progress during the first 360 h and remain almost constant during 
the rest of the reaction time. Generally, the dissolved concentrations of most minor and trace 
elements approach steady-state values within the first 24 hours (Table 15). Fe, Sr and Ba are 
probably from K+ cation exchange with Fe, Sr and Ba in smectite. 
 

SEM images show that after reaction with acidic brine, the dissolution features are much 
more intensive than in experiment #1. Although the surface of K-feldspar grains used as starting 
material have some rounded and angular pits (Fig. 20a), those observed on K-feldspar after 
reaction are more numerous and deep (Fig. 22h and 22i) and sometimes with dissolution features 
in the pits (Fig. 22i). The development of dissolution features (pits, steps and channels) shows 
that the dissolution is heterogeneous (e.g., Fig. 22e-i). The smectite coatings remain, indicating 
that the chemical reactions did not remove coatings (Fig. 22a). Abundant clay minerals adhere to 

Minerals 48 (h) 144 (h) 336 (h) 552 (h) 
Quartz -0.61 -0.33 -0.25 -0.22 
Microcline 0.19 1.04 2.27 1.70 
Albite -4.05 -3.71 -2.24 -3.27 
Diaspore 1.13 0.94 2.04 1.05 
Boehmite 0.91 0.72 1.82 0.83 
Kaolinite 1.58 1.77 4.11 2.21 
Muscovite 3.98 4.45 7.87 5.33 
Paragonite -0.51 -0.54 3.12 0.12 
Pyrophyllite -0.10 0.65 3.14 1.31 
Calcite 7.78 8.14 8.05 8.62 
Anorthite -1.87 -1.33 0.93 -0.40 
Magnesite 7.95 8.45 8.43 9.06 
Illite 0.54 1.33 4.06 2.26 
Beidellite-K -0.50 0.15 2.96 0.89 
Montmorillonite-K -1.25 -0.21 1.89 0.69 
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quartz and K-feldspars after the reaction and stretch across pores and open fractures. The smooth, 
flaky illite/smectite fills the pore and bridges particles (e.g., Figs. 22c and 22d). Illite, as 
interwoven ribbons, displays intergrowth with the smectite (Fig. 22b). No carbonate minerals are 
found.  
 
Table 14. Time-dependent changes in the composition of major dissolved species in aqueous 
fluid coexisting with Navajo sandstone at 200 oC and 300 bars. The overall analytical error for 
dissolved species is ±5%. 

 
Sample Time K+ SiO2 Al+3 Na+ Mg2+ Ca2+ Cl- pH 

 (h) (mmol/kg) 25 oC In-situ*
starting 0 203.86 - - 0.11 - - 188.25 2.8 2.9 

#1 24 197.28 1.63 0.14 1.42 0.77 1.15 184.91 3.6 3.4 
#2 168 200.07 4.00 0.03 0.14 1.03 1.17 182.93 4.6 4.1 
#3 360 193.05 4.55 0.02 0.21 1.01 1.20 202.32 4.9 4.3 
#4 696 208.74 4.93 0.02 0.30 1.36 1.28 200.96 5.0 4.3 
#5 1392 198.67 4.49 0.02 0.24 0.86 1.09 198.78 5.1 4.2 

*In-situ pH is calculated from distribution of aqueous species calculations at the temperature 
and pressure of the experiment using constraints imposed by major element concentrations and 
pH values measured at 25oC. 
 
Table 15. Time-dependent changes in the composition of minor and trace dissolved species 
in aqueous fluid coexisting with Navajo sandstone at 200 oC and 300 bars. The overall 
analytical error for concentration measurements is ±5%.  
 

Sample Li Cr Fe Mn Co Ni Cu Zn Rb Sr Cs Ba 
 (ppm) 

Starting - - - - - - - 0.04 0.12 0.01 0.01 0.04
#1 - - 1.57 0.94 - - 6.07 0.52 0.12 0.54 0.01 0.41
#2 - - 0.10 0.75 - 0.09 0.10 0.20 0.13 0.54 0.01 0.30
#3 0.10 - 0.12 0.37 0.02 0.21 0.14 0.06 0.14 0.53 0.01 0.30
#4 - - 0.34 0.28 - - 0.11 0.05 0.18 0.56 0.02 0.45
#5 0.24 - 0.27 0.28 - - 0.2 0.32 0.15 0.55 0.01 0.35

 

Mineral saturation indices (SI) calculations (Table 16) show that the solution is 
supersaturated with respect to microcline and undersaturated with respect to albite during the 
entire course of the reaction; the solution changes from undersaturated (24 h) to slightly 
supersaturated (168 h) with respect to anorthite; the solution is supersaturated with respect to 
boehmite, muscovite, paragonite and pyrophyllite; slightly undersaturated (before 24 h) to 
supersaturated with respect to quartz (168 h). As for the clay minerals, the solution is 
supersaturated with respect to kaolinite, illite, beidellite-K and montmorillonite-K during the 
entire course of the reaction.  
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Fig. 4.  

 

 
Fig. 22. (a) SEM microphotograph shows secondary minerals on a quartz surface. The cornflake-
shaped smectites at the upper part have a similar morphology to those in Zhu et al. (2006). These 
smectites possibly existed before the dissolution experiment. However, the smooth, flaky 
illite/smectite at the lower part is much larger and is possibly formed during the dissolution 
experiment. (b) SEM microphotograph shows secondary minerals on another quartz surface. The 
secondary minerals are likely to be illite (ribbons) intergrown with smectite, which suggests the 
progressive illitization of smectite; (c) SEM microphotograph shows secondary minerals 
(illite/smectite) filling the pore and bridging two quartz particles. Some smooth, flaky 
illite/smectite minerals are visible (indicated by arrows). These minerals are also likely to be 
newly formed; (d) Enlarged view of an area outlined by the black box in (c), showing one of the 
particle-bridging secondary minerals. The smooth, flaky mineral (~5 μm) is illite/smectite; (e) 
SEM microphotograph shows dissolution features on a K-feldspar particle; (f) SEM 
microphotograph shows dissolution features on a K-feldspar particle; (g) Close-up of dissolution 
features on the K-feldspar particle showed in (f). The feldspar has angular and prismatic features 
at the micron scale. Dissolution steps are visible along the c-axis of the cleavages and dissolution 

h 
g 

i 

h 
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channels along the b-axis of the cleavages; (h) SEM microphotograph shows surface morphology 
of a K-feldspar particle after reaction; (i) Enlarged view of an area outlined by the black box in 
(h), showing dissolution feature in an etch pit.  
 

Table 16. Saturation indices calculation. 
 

 

 

 

 

 

 

 

4.2.4. Flow-through experiment: Navajo sandstone dissolution in acidic brine.  
 

The third Navajo Sandstone dissolution experiment is a flow-through experiment at 200 oC 
and 250 Bars. Five grams of Navajo sandstone are reacted with 200 mmol/kg KCl fluid. The KCl 
fluid is acidified to pH 3.9 before the experiment at ambient temperature and pressure by 
addition of dilute HCl. The rate of fluid input is kept at 0.82 ml/min for the whole experiment of 
23.5 hours. The results are presented in Table 17. During the experiment, dissolved K+ and Cl- 
concentrations remain relatively constant (Table 17). The dissolved concentrations of Si and Mg 
approach steady-state values within the first 4 hours. pH values remained essentially the same 
with reaction progress.  

 
Table 17. Time-dependent changes in the composition of major dissolved species in aqueous 
fluid coexisting with Navajo sandstone at 200 oC and 250 bars. The overall analytical error for 
dissolved species is ±5%.  
 

Sample Time K+ SiO2 Al3+ Na+ Mg2+ Ca2+ Cl- pH 
 (hours) (mmol/kg) 25oC In-situ*

#1 0.5 196.35 0.02 - 0.22 0.01 0.02 201.43 5.2 5.2 
#2 4 209.45 0.26 - 0.02 0.04 - 198.79 5.3 5.2 
#3 13 207.01 0.24 - 0.05 0.03 0.01 197.34 5.3 5.2 
#4 23.5 204.83 0.18 - 0.30 0.05 0.02 196.78 5.5 5.3 

*In-situ pH is calculated from distribution of aqueous species calculations at the temperature and 
pressure of the experiment using constraints imposed by major element concentrations and pH 
values measured at 25 oC. 

Minerals 24 (h) 168 (h) 360 (h) 696 (h) 1392 (h) 
Quartz -0.36 0.04 0.10 0.14  0.09 
Microcline 0.59 2.24 2.38 2.51  2.30 
Albite -2.92 -2.29 -1.96 -1.70  -1.99 
Diaspore 2.57 2.30 2.09 2.09  2.12 
Boehmite 2.35 2.08 1.87 1.87  1.89 
Kaolinite 4.97 5.24 4.92 4.99  4.96 
Muscovite 7.25 8.37 8.08 8.21  8.05 
Paragonite 3.50 3.60 3.51 3.76  3.53 
Pyrophyllite 3.78 4.86 4.65 4.79  4.68 
Anorthite -1.49 0.18 0.29 0.36  0.08 
Illite 2.99 4.59 4.50 4.67  4.42 
Beidellite-K 3.18 4.27 4.04 4.17  4.05 
Montmorillonite-K 0.69 2.59 2.65 2.83  2.55 
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SEM images show that after dissolution in a flow-through reactor, the dissolution 

features are less intensive than those in experiment #2. The K-feldspar grains partially preserved 
the “three layer onion” structure of unreacted sandstones (see Fig. 23d). Newly formed 
smectite/illite, observed in the products of experiment #1 are also found (e.g., Figs. 23b, 23e, 23e, 
and 23f). 

 
The Al concentrations are under the detection limit. Saturation states for aluminosilicates 

are thus unknown. The solution is also undersaturated with respect to quartz (Table 18).  
 

Table 18. Saturation indices calculation. 
 

 

 
Dissolution rate (as per mole of Si) was calculated according to the following formula 

based on time-series Si concentrations: 

AM
C

r out

δ
ϑ )10)()(( 6

0
−

=  

where Cout is the output concentration of Si in mg/L, 0ϑ  is the input flow rate in ml/s, M is the 
atomic weight (g/mol) of Si, δ is the stoichiometric coefficient of Si (set to 1), and A is the total 
surface area in m2. The average dissolution rate is 6.85 ×10-10 mol m-2s-1 as per mole of Si (Table 
19).  
 
Table 19. Dissolution rates of Navajo sandstone in the experiment with flow-through apparatus 
at 200 oC and 250 bars. The total surface area of 5 gram Navajo sandstone is assumed to be 3.5 
m2. The input flow rate is 0.82 ml/min.  
 

Sample Dissolution Rate (mol m-2s-1)* 
#1 7.81×10-11 
#2 1.02×10-9 
#3 9.37×10-10 
#4 7.03×10-10 

Average 6.85×10-10 
As per mole of Si 
 
 
 
 
 
 
 
 
 
 
 

Minerals 0.5 (h) 4 (h) 13 (h) 23.5 (h) 
Quartz -2.25 -1.14 -1.17 -1.30  
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Fig. 23. (a) SEM microphotograph shows the quartz surface after reaction. Secondary minerals 
(possibly illite) are visible; (b) Enlarged view of upper right corner of (a). The large smooth, 
flaky smectite/illite is possibly formed during the dissolution experiment; (c) SEM 
microphotograph shows the quartz surface after the hydrothermal experiment. Similar to Fig. 4a, 
the corn-flake-shaped smectites in the upper part have a similar morphology as those in Zhu et al. 
(2006). These smectites possibly existed before the hydrothermal reaction. However, the smooth, 
flaky smectite/illite at the lower part is much larger than authigenic smectite in the center of the 
image and possibly formed during the dissolution experiment; (d) SEM microphotograph shows 
the “three layer onion” described in Zhu et al. (2006). The grain is K-feldspar, and is coated with 
a layer of kaolinite. Smectite in turn covers kaolinite; (e) Close-up of the smectite shown in (d). 
The smooth, flaky, slightly crenulated smectite/illite at the lower part is much larger than 
authigenic smectite shown in this image and is possibly formed during the dissolution 
experiment; (f) The smooth, flaky illite/smectite with scalloped, curled edges is much larger than 
authigenic smectite shown in this image and is possibly formed during the dissolution 
experiment. 
 
 
4.2.5. Fate of CO2 and sandstone responses to CO2 injection.  
 

In experiment #1, the CO2 is mainly trapped in aqueous solution as carbonate species. 
Carbonate mineral precipitation is observed with SEM, and supported by calculated SI values, 
but the amount precipitated is small judging from the decrease of CO2 in solution chemistry data 
and absence in XRD patterns. However, in actual injection cases, the carbonate concentrations 
would be much higher and the reaction time would be in years to thousands of years. The 
formation of carbonate minerals (i.e., mineral trapping) is thus expected and thermodynamically 
favored.  

 
 The dissolution of silicates is likely to increase porosity, but permeability is probably 

inversely affected by the formation of clay minerals in the pore space. Open, interconnected 
pores lined with ribbons, coating grain surfaces and also bridging the pores between grains will 
create permeability barriers to fluid flow (e.g., Figs. 21a, 21b, 21c, 21e, 22c, 22d, and 23f). 
Neasham (1977) demonstrated that this clay texture severely reduces permeability without 
affecting porosity. 
 
 

5. Conclusions 
 

We conducted seven (7) laboratory experiments to simulate the interactions of minerals 
and rocks after CO2 is injected into geological formations for the carbon sequestration program. 
Four (4) experiments used the mineral feldspar, which is usually a few percent to a few tens of 
percent in geological formations designated for CO2 storage. Three (3) experiments used the 
Navajo (Nugget) sandstone, a sandstone designated for field injection test in the BigSky regional 
project partnership, and a geological formation deemed to have large potential for CO2 storage in 
the western USA.  
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An experimental design allowed the collection of water samples during experiments in 
situ and thus prevented back reactions. Analysis of the in situ samples delineated the temporal 
evolution of aqueous chemistry because of CO2-rock-water interactions. The solid products of 
the experiments were retrieved at the end of the experimental run, and analyzed with a suite of 
advanced analytical and electron microscopic techniques (i.e., atomic resolution transmission 
electron microscopy (TEM), scanning electron microscopy (SEM), electron microprobe, X-ray 
diffraction, X-ray photoelectron spectroscopy (XPS)). As a result, the research project probably 
has produced one of the best data sets for CO2-rock-water interactions in terms of both aqueous 
solution chemistry and solid characterization. 

 
The single mineral (feldspar) experiments were intended to answer some basic scientific 

questions (the kinetic rate law, nature of the coupling between dissolution and precipitation 
reactions), which has broad applications to the carbon sequestration program as well as energy 
sciences (diagenesis in oil and gas exploration, enhanced oil recovery). The targeted geological 
formation (Navajo Sandstone) experiments were intended to answer region-specific questions 
whether chemical reactions after CO2 is injected into the targeted geological formation need to 
be of concern.  

 
The following are the major findings from this project: 

 
1. The project generated a large amount of experimental data that is central to evaluating 

CO2-water-rcok interactions and providing ground truth to predictive models, which 
have been used and will inevitably be increasingly more used in carbon sequestration.  

 
2.  Results from the feldspar experiments demonstrated stronger coupling between 

dissolution and precipitation reactions. We show that the partial equilibrium assumption 
did not hold in the feldspar hydrolysis experiments (Zhu and Lu, submitted, Appendix 
A-2). The precipitation of clay minerals influenced dissolution of primary silicate in a 
much stronger way as previously envisioned. Therefore, our experimental data indicated 
a much more complex chemical kinetics as it has been applied to carbon sequestration 
program in terms of preliminary predictive models of CO2-rock-water interactions. 
Adopting this complexity (strong coupling) may influence estimates of mineral trapping 
and porosity/permeability for geological carbon sequestration. In general, our 
knowledge of the coupling of different reactions is poor, and we must consider the 
uncertainties resulting from our poor knowledge on this regard. 

 
3.  Our experimental results concur with previous findings that the role of dissolved CO2 is 

mostly to acidify the brine, but not change the mechanisms of reactions. This conclusion 
is based on careful paired experiments with and without CO2. 

 
4.  We observed strong chemical reactions between CO2 acidified brine with the Navajo 

sandstone. The laboratory experiments were conducted at a higher temperature (200 oC) 
than that in the field (~90 oC) in order to induce measurable chemical changes in the 
laboratory. However, field conditions are more acidic and reaction time is much longer 
(1000 years versus 10 – 80 days in the laboratory). Therefore, the conclusions on 
extensive reactions are relevant. We observed extensive dissolution of feldspars, and 
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precipitation of clay minerals. However, the clay coatings on the sediment grains, which 
was a concern whether it would come off and clog the pores, were intact. The 
precipitation of secondary minerals can potentially clog pore throats and reduce 
permeability. Additional experiments are needed to quantify the amount of secondary 
mineral precipitation, and the results of batch reactor experiments need to be compared 
to the flooded core experiments to be performed by NETL in house.  

 
 Throughout this project, we endeavored to disseminate the research results in a timely 
fashion and worked closely with NETL in-house research and communicated our results to the 
regional partnerships. To reach the carbon capture and storage (CCS) community in the broadest 
possible sense, we have published our first set of experimental results in a highly regarded 
journal Chemical Geology , with proper DOE approval, acknowledgement to this grant, and 
required disclaimer (see Appendix A-1). Note the publication at this peer-referred journal had 
gone through rigorous peer review.  
 
 A second publication on geochemical modeling interpretation of experimental data was 
submitted to the top ranked journal Geochimica et Cosmochimica Acta, and is currently under 
peer review.   
 
 A third publication on the experimental data of Navajo sandstone was completed and 
submitted to the Journal of Greenhouse Gas Control for peer review.  
 
 In January 2008, the PI (Dr. Chen Zhu) gave presentations at the Lawrence Berkeley 
National Laboratory and Lawrence Livermore National Laboratory. Most in the audience are 
funded by DOE to work on various carbon sequestration programs. Presentations are also given 
at the annual convention of the American Association of Petroleum Geologist (2008), Seventh 
Annual Conference Carbon Capture & Sequestration Conference (2008), Geological Society of 
America annual meeting (2008), and AAPG Eastern Section Meeting (2007). Because a large 
amount of experimental data were generated and have not been fully digested, some of our 
findings will be further analyzed and ideas will be refined. We will continue to communicate the 
results to the carbon sequestration community through open literature publications and 
presentations at national and international meetings with proper acknowledgement of this grant.  
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were conducted to assess perthitic alkali-feldspar dissolution and secondary
mineral formation in an initially acidic fluid (pH=3.1) at 200 °C and 300 bars. Temporal evolution of fluid
chemistry was monitored by major element analysis of in situ fluid samples. Solid reaction products were
retrieved from two identical experiments terminated after 5 and 78 days. Scanning electron microscopy
revealed dissolution features and significant secondary mineral coverage on feldspar surfaces. Boehmite and
kaolinite were identified as secondary minerals by X-ray diffraction and transmission electron microscopy. X-
ray photoelectron spectroscopy analysis of alkali-feldspar surfaces before and after reaction showed a trend
of increasing Al/Si ratios and decreasing K/Al ratios with reaction progress, consistent with the formation of
boehmite and kaolinite.
Saturation indices of feldspars and secondary minerals suggest that albite dissolution occurred
throughout the experiments, while K-feldspar exceeded saturation after 216 h of reaction. Reactions
proceeded slowly and full equilibrium was not achieved, the relatively high temperature of the
experiments notwithstanding. Thus, time series observations indicate continuous supersaturation with
respect to boehmite and kaolinite, although the extent of this decreased with reaction progress as the
driving force for albite dissolution decreased. The first experimental evidence of metastable co-existence
of boehmite, kaolinite and alkali feldspar in the feldspar hydrolysis system is consistent with theoretical
models of mineral dissolution/precipitation kinetics where the ratio of the secondary mineral
precipitation rate constant to the rate constant of feldspar dissolution is well below unity. This has
important implications for modeling the time-dependent evolution of feldspar dissolution and secondary
mineral formation in natural systems.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Silicate mineral dissolution and secondary mineral precipitation
are integrated processes in chemical weathering and hydrothermal
alteration of rocks. Numerous experiments have been conducted
for measuring silicate mineral dissolution rates (Busenburg and
Clemency, 1976; Holdren and Berner, 1979; Chou and Wollast,
1985; Knauss and Wolery, 1986; Nagy et al., 1991; Nagy and
Lasaga, 1992; Burch et al., 1993; Gautier et al., 1994; Hellmann,
1994; Oelkers et al., 1994; Hellmann, 1995; Nagy, 1995; Stillings
and Brantley, 1995; Brantley and Stillings, 1996). The primary focus
1 612 625 3819.
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of many of these studies, however, was to derive mineral
dissolution rates from steady state chemical conditions. In such
experiments, silicate minerals, mostly feldspars, are dissolved far
from equilibrium and secondary mineral precipitation is avoided
by adjusting the chemistry and rate of recirculation of the fluid
phase. Results of these experiments have been enormously
successful, providing a wealth of data on the rate and mechanism
of mineral dissolution processes under a wide range of chemical
and physical conditions.

Batch reactor experiments of feldspar hydrolysis, on the other
hand, provide a different set of data, which address the broader
context of congruency and incongruency, phase relations, mineral
metastability, and interconnections between dissolution and pre-
cipitation reactions. Tremendous progress in our understanding of
feldspar hydrolysis in closed systems has come from the seminal
work by Helgeson and co-workers (Helgeson, 1968; Helgeson et al.,
1969, 1970; Helgeson, 1971, 1972, 1974, 1979; Helgeson et al., 1984).
While the first feldspar hydrolysis experiments conducted in batch
ution and secondary mineral precipitation in batch systems: 1. ...,
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Table 1
Electron microprobe analysis (EMPA) resultsa of Na-rich laminae, K-rich laminae and
whole alkali-feldspar grains

Oxide SiO2 Al2O3 Na2O K2O FeO CaO Total

Na-rich laminae wt.% 68.20 20.45 10.49 0.18 0.09 0.83 100.22
S.D.b 0.03 0.05 0.18 0.06 0.03 0.04
Nc 2.96 1.04 0.95 0.01 0.00 0.04 5.00
S. D. 0.00 0.00 0.02 0.00 0.00 0.00

K-rich laminae wt.% 63.69 18.95 1.66 13.82 0.05 0.00 98.16
S.D. 0.53 0.25 0.42 0.87 0.04 0.00
N 2.96 1.04 0.15 0.85 0.00 0.00 5.00
S.D. 0.01 0.01 0.04 0.05 0.00 0.00

Alkali-feldspar wt.% 64.71 19.91 3.17 12.21
N 2.95 1.07 0.28 0.71

a Each result reflects the average value of 5–10 measurements.
b S.D. = Standard deviation.
c N = the number of cations per 8 oxygen atoms.
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reactors provided valuable information on the mechanism of
feldspar dissolution, as summarized in Helgeson (1971) and
Petrovic (1976), technological development of experimental design
and apparatus has allowed the sampling of fluid co-existing with
minerals at a wide range of temperatures and pressures (Seyfried
et al., 1987). Furthermore, electron microscopy and surface
analytical techniques have advanced significantly, which allow
more accurate identification of secondary minerals, even when
such phases exist on the nanometer size scale (Penn et al., 2001;
Zhu et al., 2006).

Herewe report results of alkali-feldspar dissolution experiments in
well-mixed batch reactors that were performed at 200 °C and 300 bars
in order to examine mineral dissolution and precipitation processes in
moderately acidic fluids. Although dissolution reactions of single
feldspars have been reported in the literature (Busenburg and
Clemency, 1976; Holdren and Berner, 1979; Helgeson et al., 1984;
Chou and Wollast, 1985; Knauss and Wolery, 1986; Wollast and Chou,
1992; Gautier et al., 1994; Hellmann, 1994; Oelkers et al., 1994;
Hellmann, 1995; Stillings and Brantley, 1995; Brantley and Stillings,
1996; Hellmann and Tisserand, 2006), only a few experimental studies
have been performed on feldspars with complex compositions (Morey
and Fournier, 1961; Lagache, 1976; Rafal'skiy et al., 1990; Tsuchiya
et al., 1995). The combination of time series monitoring of fluid
chemistry and mineral analysis (scanning electron microscopy (SEM),
high resolution transmission electron microscopy (HRTEM), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and
electron microprobe analysis (EMPA)) at different reaction stages
represents an insightful experimental strategy to assess geochemical
controls on the temporal evolution of minerals and coexisting fluids.
While this approach is relevant to mass transfer processes in a variety
of natural and engineered hydrologic and hydrothermal rock–fluid
systems, the experimental data are important in that they form a basis
for evaluating a number of theories and hypotheses on the kinetics of
water–rock interactions.

2. Experiments

Two batch experiments, with run times of 1872 h (78 days) and
120 h (5 days), involving perthitic alkali-feldspar dissolution in K-
bearing (~0.20 KCl mol/kg) fluid at 200 °C, 300 bars were conducted at
the University of Minnesota and National Energy Technology
Laboratory (NETL), respectively. 40 g KCl solution and 1.5 g alkali-
feldspar were used for both experiments. Prior to the experiments, the
starting fluid was acidified to pH=3.0 by addition of dilute HCl, so as to
create initial conditions far from equilibrium.

“Orthoclase” crystals having an average size of ~0.5 cm were
obtained from WARD'S Natural Sciences Establishment. The crystals
were ground with an agate mortar and pestle, and subsequently dry
sieved to retain the size fraction between 50 and 100 μm. For the
freshly ground material, there were a large number of submicron-to-
micron size particles that adhered to the surface of large grains. To
remove these particles, the feldspar sample was first ultrasonically
“cleaned” in analytical grade acetone, and then repeatedly rinsed with
deionized water, prior to drying at 105 °C.

A BeckmanCoulter SA-3100was used for BETsurface area analysis of
alkali-feldspar samples before experiments. The instrument was
calibrated before and after measurements, using NIST reference
material 1900, a silicon nitrite powder with surface area of 2.85 m2/g.
Multipoint N2 gas adsorption isotherms were measured to obtain
the specific surface area of 0.13 m2/g (±5%) for the alkali-feldspar
reactant.

The alkali-feldspar and acidified KCl solution were loaded into a
flexible Au/Ti reaction cell and placed in a steel-alloy autoclave
following procedures described in Seyfried et al. (1987). The reaction
cell allows sampling of aqueous fluid from the ongoing reaction at
constant temperature and pressure. Thus, internally filtered fluid
Please cite this article as: Fu, Q., et al., Coupled alkali-feldspar dissol
Chemical Geology (2008), doi:10.1016/j.chemgeo.2008.09.014
samples could be recovered from the reaction cell any time during an
experiment.

Fluid samples were analyzed for major dissolved components.
Anion analyses were conducted on a Dionex ICS-2000 ion chromato-
graphy (IC) system composed of an AS 19 column (4 mm ID) and an
ASRS self-regenerating suppressor (4 mm ID). KOH solution was used
as the eluent at flow rate of 1 ml/min. Gradient eluent concentrations
were programmed as follows: 4 mM for 30min,10 mM for 30min and
25 mM for 15 min. The column temperature and cell temperature
were constant at 30 °C. The injection volume of each sample was
50.0 μl. Uncertainties in reported concentrations were estimated to be
within ±1%.

Major cation analyses were conducted on a Thermo Elemental PQ
ExCell quadrupole inductively coupled plasma mass spectrometer
(ICP-MS) with a simultaneous analog and pulse counting detector.
System calibration was accomplished by using NIST traceable single
or multi-element standard solutions. For each sample, standards and
blanks were repeated 5 times to determine the mean and standard
deviation for each selected elemental mass. All standards, blanks,
and samples were atomized and introduced into a standard
Meinhardt nebulizer by a free aspiration rate of approximately
1 ml/min. All elements were measured on the most appropriate
mass by peak hopping with dwell times of approximately 35 μs per
mass and 25–50 mass sweeps per replicate. The clean matrix acid
was used to flush the system for a minimum time of 65 s to prevent
carryover between samples. Uncertainties for all elements were
estimated to be within ±1%.

The pH of all fluid samples was measured at ambient laboratory
conditions using a THERMO combination glass pH/reference electrode
and Accumet AR-20 meter. Prior to measurement, the pH electrode
was calibrated with NIST pH standard buffers, 4.0 and 7.0. Replicate
measurements of fluid samples from the experiments indicate an
uncertainty of the reported pH(25 °C) value of ±0.02 units.

Mineral products were retrieved from both experiments when
the runs were terminated after 78 days and 5 days. A variety of
microscopic and analytical techniques were used to characterize
solid reactants and experimental products, including XRD, EMPA,
SEM, HRTEM, and XPS. Powder XRD analysis was carried out using
a PANalytical X'Pert PRO Theta–Theta multipurpose diffractometer,
equipped with a Cu anode operated at 45 kV and 40 mA, a
divergent beam monochromator, and an X'Celerator detector. The
scanning angle (2θ) ranged from 10.010 to 99.968°, with scan steps
of 0.033°. Secondary minerals were analyzed on zero background
quartz plate.

The chemical composition of alkali-feldspar lamellae (Table 1) was
determined by wavelength dispersive EMPA using a CAMECA SX50.
Operation accelerating voltage was 15 kV, while beam current and
beam size were 15 nA and 1 μm, respectively. The structural
ution and secondary mineral precipitation in batch systems: 1. ...,
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Table 2
Time-dependent changes in the composition ofmajor dissolved constituents in aqueous
fluid coexisting with alkali-feldspar at 200 °C and 300 bars

Sample
#

Time Cl− K+ SiO2 Na+ Ca2+ Al3+ pH In situ pH

H mmol/kg 25 °C 200 °C

78-day experiment
0 198.3 204.0 – – 3.72 – 3.0 3.1

1 24 197.5 202.8 0.31 0.42 0.12 0.01 3.2 3.3
2 216 198.7 201.1 1.46 1.13 0.21 0.003 3.5 3.6
3 456 196.8 197.8 1.70 2.04 0.43 0.08 4.1 3.7
4 816 197.9 204.3 1.35 1.86 0.16 0.03 4.2 4.0
5 1368 199.5 197.0 4.18 3.72 0.30 0.01 4.9 4.5
6 1872 199.4 196.5 3.75 1.91 0.35 0.001 4.9 4.7

5-day experiment
1 120 n.a.a n.a. 1.31 0.88 0.35 0.005 n.a. n.a.

a n.a. = not available.
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formula for K-rich and Na-rich phases based on 8 oxygens is
K0.85Na0.15Al1.04Si2.96O8 and K0.01Na0.95Ca0.04Al1.04Si2.96O8,
respectively.

SEM analysis was conducted with a Quanta 400 Field Emission Gun
(FEG). The Energy Dispersive X-ray Spectrometer (EDS) system has an
EDAX thin window and CDU LEAP detector. The low energy X-ray
detection with FEG provided high spatial resolution for microanalysis
down to ~0.1 µm2.

A JEOL 1010 transmission electron microscope operated at 100 kV
and a JEOL 2100F FEG Scanning Transmission Electron Microscope
(STEM) with attached X-ray EDS and Gatan Imaging Filtering (GIF)
systemwere used for analysis of reaction products. Thus, a fraction of
the reaction products was immersed in ethanol and ultrasonically
treated for several minutes. A small aliquot of the resulting suspension
was mounted on a strip of holey-carbon film supported by a standard
Cu TEM grid, prior to air-drying for approximately 10 min.

In addition to detailed examination of the fresh and reacted alkali-
feldspar using microscopy, XPS was also used to determine the surface
chemistry of the feldspar before and after hydrothermal reaction. XPS
spectra of mineral reactant and products from the 78-day experiment
were collected on a Physical Electronics 5400 instrument, with non-
monochromatic Mg Kα as the X-ray source, operated at 300 W. Similar
analyses from the 5-day experiment were collected on a PHI 5600ci
instrument. This instrumentmadeuseofmonochromatic Al Kα as theX-
ray source, operated at 400 W. In both cases, mineral samples were
embedded on double-sided adhesive tape, which was then fixed to the
sampleholderof the respective instruments. The samplesweredegassed
at 10−7 Torr, before achieving operating vacuum at 5×10−8 Torr. The
analysis area was 1 mm by 1.414 mm, while the photoelectron take-off
anglewas45°. Survey scans (0–1200eVbindingenergy)wereperformed
first to determine the near-surface composition of the samples, followed
bymultiple repetitive scans over the energy regions of interest: Si2p, O1s,
K2p3/2 and Al2p. Charge shifting of the analyzed photoelectrons was
corrected by referencing a coexisting C1s peak to 285.0 eV. Surface
compositions of elements of interest were determined by analysis of
peak areas taking explicit account of element specific atomic sensitivity
factors.

Equilibrium constants for aqueous speciation calculations of fluid
samples from experiments were calculated using a modified version
of SUPCRT92 (Johnson et al., 1992). This code takes explicit account of
recent revisions in keeping with the modified HKF equations of state
for aqueous species (Shock and Helgeson, 1988; Shock et al., 1997;
Sverjensky et al., 1997). Thermodynamic data for Al-bearing aqueous
species, however, were from Tagirov and Schott (2001), while
experimental data from Ho et al. (2001), Ho et al. (2000), and Ho et
al. (1994) were used for HCl(aq)°, KCl(aq)°, and NaCl(aq)°, respectively. In
practice, calculations needed to assess mineral saturation states, pH(in

situ) (see below), and derive ion-activity diagrams were performed
using the EQ3/6 computer code (Wolery and Daveler, 1992). Standard
state thermodynamic properties for all Al-bearing minerals were from
Holland and Powell (1998).

3. Results

3.1. Cations, anions and dissolved SiO2

Time series changes in fluid chemistry from both experiments are
listed in Table 2 and illustrated in Fig. 1. As anticipated from the
relative abundances of fluid and mineral components used for the
experiments, dissolved Cl− concentrations remained relatively con-
stant. The concentration of dissolved K+, however, tended to decrease,
although the extent of this represents a small fraction of that initially
available in the fluid (200 mmol/kg).

Changes in dissolved concentrations of Na+, Ca2+, Al3+ and SiO2

during the 78-day experiment were significant as alkali-feldspar
dissolution proceeded. For example, dissolved SiO2 increased slowly to
Please cite this article as: Fu, Q., et al., Coupled alkali-feldspar dissol
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approximately 1.70 mmol/kg after 456 h of reaction, then, surpris-
ingly, decreased to 1.35 mmol/kg during the next 360 h of reaction,
before again increasing to 4.18 mmol/kg at 1368 h. During the
remaining 504 h of the experiment, dissolved SiO2 decreased by
0.43 mmol/kg to a final value of 3.75 mmol/kg (Table 2). Dissolved
concentrations of Na+ and Ca2+ generally trackedwith SiO2, suggesting
the possible involvement of non-stoichiometric dissolution of minor
accessory components in albite in the moderately acidic fluids. Al3+

concentration decreased sharply during the first 216 h, then increased
to 0.08 mmol/kg by 456 h before decreasing gradually throughout the
remainder of the experiment. Dissolved concentrations of Na+, Ca2+,
Al3+ and SiO2 from the 5-day experiment at 120 h were largely
consistent with changes in fluid chemistry of the 78-day experiment
at a similar time of reaction (Fig. 1).

3.2. pH

It is well known from results of numerous studies of reaction
kinetics of silicate minerals in aqueous fluids that pH plays a
particularly important role in the rate of mineral dissolution/
precipitation processes. This is the case during the present study as
well. To examine pH effects, the pH value measured for the fluid
sample at ambient conditions (25 °C, 1 bar) (bench pH) was re-
calculated at experimental conditions (200 °C, 300 bars) by taking
account of the effect of temperature and pressure on the distribution
of aqueous species. Accordingly, pH (in situ) was calculated for each
sample taken during the course of experiments (Table 2). Owing to the
relatively low experimental temperature, however, pH (in situ) was
close to that measured, with an offset that ranged from approximately
0.1 to 0.4 units. During the 78-day experiment, pH values increased
from 3.1 to 4.7 (Table 2).

3.3. Characterization of solid reactants and products

SEM photomicrographs of alkali-feldspar following the 78-day
(Fig. 2A, B) and 5-day experiments (Fig. 2C, D) reveal channels and
etch pits demonstrating dissolution heterogeneity, with albite
lamellae preferentially dissolved. The presence of these mineral
dissolution features was less obvious from results of the 5-day
experiment.

Secondary minerals, with cross sectional diameter (d) of less than
0.5 μm and height (h) of approximately 0.1 μm, covered approximately
20% of total alkali-feldspar surface from the 78-day experiment.
Alteration products also exhibited hexagonal shape. In the 5-day
experiment, however, secondary minerals covered much less (~5%) of
feldspar surface (Fig. 2). In both cases, secondaryminerals were evenly
distributed on the feldspar surface, suggesting no structural inheri-
tance from the alkali-feldspar precursor. Feldspar dissolution and
ution and secondary mineral precipitation in batch systems: 1. ...,

http://dx.doi.org/10.1016/j.chemgeo.2008.09.014


Fig. 1. Changes in the dissolved concentrations of selected aqueous constituents with
time for the perthitic alkali-feldspar dissolution experiments at 200 °C and 300 bars.
Dissolved concentrations of K+, Cl−, Na+, Ca2+, Al3+ and SiO2 for the 78-day experiment
(solid symbols) and Na+, Ca2+, Al3+ and SiO2 for the 5-day experiment (open symbols).
Time series changes for K+, Cl− concentrations for the 5-day experiment are not available
beyond the start of the experiment (Table 2).
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secondary mineral formation are likely coupled in the overall mass
transfer process.

XRD patterns of mineral products in both experiments showed the
presence of kaolinite as well as boehmite (Fig. 3A, B). The high peak
Fig. 2. SEM backscatter images of alkali-feldspar dissolution effects following reaction after 7
(~0.5 μm) hexagon-shaped secondary minerals covering approximately 20% of the feldspar s
surface. The relative abundance of surface mineralization on the feldspars from each exper
laminar channels and etch pits on Na-rich lamina.

Please cite this article as: Fu, Q., et al., Coupled alkali-feldspar dissol
Chemical Geology (2008), doi:10.1016/j.chemgeo.2008.09.014
intensities of boehmite in the XRD patterns likely result from
preferential orientation of boehmite, and are not directly proportional
to abundance.

Due to relatively lowmagnification of the JEOL1010 operated at low
voltage (100 kV), secondarymineral products (kaolinite and boehmite)
from the 78-day experiment were manifest as a transparent phase
with hexagonal shape and sizes of 200–300 nm (Fig. 4A). Selected area
electron diffraction (SAED) patterns indicated that most alteration
minerals are sheet silicates (Fig. 4B). The existence of boehmite crystals
with rounded shapes, however, was confirmed by HRTEM observation
with JEOL FEG2100F (Fig. 4C). TEM images also showed “seesaw” edges
of reacted alkali-feldspar from the experiment (Fig. 4D), suggesting
preferential dissolution of Na lamellae, which is consistent with SEM
observations. In the 5-day experiment, boehmite with distinctly sharp
edges was observed on alkali-feldspar as the lone secondary mineral
(Fig. 4E), which was confirmed by [010] SAED patterns, showing two
dimensions for the Al octahedral structure (Fig. 4F). In contrast with
boehmite from the 5-day experiment, boehmite following the 78-day
experiment showed dissolution features characterized by more
rounded grain boundaries (Fig. 4C).

Recently, Zhu et al. (2004a, 2006) observed an amorphous layer on
naturally weathered feldspar, typically a few tens of nanometers thick.
In the 78-day experiment, HRTEM observation also indicated that the
alkali-feldspar grains were rimmed with an apparently amorphous
layer (Fig. 4C). The amorphous nature of the edges was confirmed by
the absence of electron diffraction pattern. It is still controversial
whether an amorphous layer is caused by leaching (Nugent et al.,
8 days (A, B) and 5 days (C, D). Reacted feldspar from the 78-day experiment reveal small
urface. In the 5-day experiment, secondary minerals cover only about 5% of the feldspar
iment is consistent with observed distribution of mineral dissolution features, such as

ution and secondary mineral precipitation in batch systems: 1. ...,
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Fig. 3. X-ray diffraction patterns of mineral products following the 5-day experiment
(A) and 78-day experiment (B). Kaolinite, boehmite, and K-feldspar were identified. The
high peak intensity of boehmite is not a reflection of its abundance, but rather the result
of preferential orientation.
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1998; Nesbitt and Skinner, 2001) or is the result of silica reprecipita-
tion effects (Hellmann et al., 2003, 2004).

Assuming that the majority of secondary minerals from the 78-day
experiment are kaolinite (see below), we can estimate the abundance
and surface area of this phase from dimensions determined from SEM
examination. The surface area (skln) and volume (vkln) of each kaolinite
grain can be estimated geometrically assuming all crystals are
hexagonal prisms, as follows:

skln =
3

ffiffiffi
3

p

2
d
2

� �2

ð1Þ

vkln = sklndh =
3

ffiffiffi
3

p

2
d
2

� �2

h: ð2Þ

Here we assume that the coverage (x) of kaolinite is ~20% of total
alkali-feldspar surface area (normalized surface area (SAalkali-feldspar)
times mass (malkali-feldspar)). The number (i) of kaolinite grains
produced by the end of the experiment is:

i =
xdSAalkali�feldspardmalkali�feldspar

skln
: ð3Þ
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The abundance of kaolinite (mkln) can be calculated as follows:

mkln = idvklndDkln = xdhdSAalkali�feldspardmalkali�feldspardDkln ð4Þ

where Dkln is the density of kaolinite (2.594 g/cm3). Thus, it follows
that the normalized surface area of kaolinite is:

SAkln =
xdSAalkali�feldspardmalkali�feldspar

mkln
ð5Þ

or

SAkln =
1

hdDkln
: ð6Þ

Calculations indicate that at the end of the 78-day experiment, 10 mg
of kaolinite was produced, with a surface area of approximately
3.86 m2/g.

XPS data for the alkali-feldspar before the 78-day experiment
indicate K/Al and Al/Si mole ratios of 0.66 and 0.37, respectively. These
data are in good agreement with the surface chemistry of the fresh
feldspar used for the 5-day experiment in spite of the fact that two
different instruments were utilized to acquire the data (Table 3).
Following the 78-day experiment, however, the Al/Si mole ratio
increased significantly to 0.57, while K/Al decreased to 0.37. These data
confirm the existence of secondary mineral phases, such as kaolinite
and boehmite, where Al has a greater compositional percentage than
for K-feldspar or albite. Results from the 5-day experiment also
indicate an increase of Al/Si mole ratio to 0.41, while the K/Al
remained constant at 0.61, which can best be accounted for by
formation of aluminous secondary minerals, but in less abundance
than for the 78-day experiment.

4. Discussion

4.1. Albite dissolution

Based on distribution of aqueous species calculations at experi-
mental conditions, mineral saturation states during the experiments
were determined (Table 4). The calculated saturation indices (SI,
SI= log Q/K) indicate that throughout the experiments, the SI of albite
is always negative, whereas the SI of K-feldspar becomes positive
between 216 and 456 h of reaction (78-day experiment). Therefore,
albite hydrolysis is predicted to occur throughout the experiment,
while K-feldspar incrementally approaches saturation and then
supersaturation. This is consistent with SEM and TEM observations
of mineral products showing preferential dissolution of Na lamellae
during the study (Figs. 2 and 4D), an observation consistent with
results of earlier studies (Busenburg and Clemency, 1976; Lagache,
1976; Bevan and Savage, 1989; Rafal'skiy et al., 1990; Lee and Parsons,
1995; Tsuchiya et al., 1995).

4.1.1. General compositional trend
Albite hydrolysis can be illustrated by the following reaction:

Albite
NaAlSi3O8

+ H + + 0:5H2O = 0:5KaoliniteAl2Si2O5 OHð Þ4
+ Na + + 2SiO2 aqð Þ: ð7Þ

Thus, dissolution of albite releases SiO2 and Na+ into solution by
consuming H+. In a batch reactor, the concentrations of dissolved SiO2

and Na+ will increase, while H+ decreases. Accordingly, time series
observations of the changes in the ratio of log aNa+/aH+ versus log
aSiO2(aq) provide a means to qualitatively assess mineral reactions
within a broader context of congruency and incongruency involving
phase relations in the Na2O–Al2O3–SiO2–H2O–HCl system (Fig. 5A).

Experimental data involving dissolution of numerous aluminosi-
licate minerals often reveal incongruency as reflected by the
ution and secondary mineral precipitation in batch systems: 1. ...,
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Fig. 4. TEM images and SAED patterns of mineral products from alkali-feldspar dissolution experiments at 200 °C and 300 bars. (A) Feldspar (large grains) and hexagonal secondary
minerals (200–300 nm sized grains); (B) SAED pattern of mineral products labeled with Miller Indices for kaolinite (upper layer) and boehmite (lower layer); (C) Bright-field TEM
image showing secondary minerals, with an alkali-feldspar grain at lower-right corner; (D) TEM image showing alkali-feldspar grain (dark color), seesaw edges indicate preferential
dissolution of Na laminae; (E) TEM image showing alkali-feldspar grains with alteration mineral phases from the 5-day experiment; (F) [010] SAED pattern showing the octahedral
structure of boehmite in the 5-day experiment. Unless otherwise noted, all samples were from the 78-day experiment. Image (A) was obtained by JEOL 1010 at 100 kV and (B)–(F) by
JEOL 2100F at higher operating voltage.
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nonstoichiometric release to solution of mineral components. This is
most often caused by precipitation of secondary minerals or by
preferential leaching of more reactive species in the primary mineral.
The composition of the fluid coexisting with minerals undergoing
dissolution will also affect the nonstoichiometric release of compo-
nents (Amrhein and Suarez, 1988; Casey et al., 1988; Nesbitt and Muir,
1988; Hellmann et al., 1989, 1990; Inskeep et al., 1991; Nesbitt et al.,
1991; Amrhein and Suarez, 1992; Alekseyev et al., 1993; Casey et al.,
1993; Oxburgh et al., 1994; Stillings and Brantley, 1995; Gout et al.,
1997; Brantley, 2003). The relatively acidic conditions (low aNa+/aH+)
Please cite this article as: Fu, Q., et al., Coupled alkali-feldspar dissol
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that characterized the starting fluid for the experiments, for example,
initiated albite dissolution in the boehmite field of stability. Accord-
ingly, early stage formation of boehmite is predictable (Fig. 5A), which
can be illustrated as follows:

Albite
NaAlSi3O8

+ H + = Boehmite
AlO OHð Þ + Na + + 3SiO2 aqð Þ ð8Þ

Subsequent compositional changes in solution progressed slowly
toward the kaolinite field of stability (Fig. 5A). Indeed, fluid
composition revealed by samples 3 and 4 during the 78 day
ution and secondary mineral precipitation in batch systems: 1. ...,
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Table 3
XPS surface composition resultsa of alkali-feldspar from both experiments in
comparison with theoretical values for K-feldspar and kaolinite

K Al O Si K/Al Al/Si

mol% Mole ratio Mole ratio

Starting alkali-feldsparb 5.7 8.7 62.2 23.4 0.66 0.37
78-day experiment product 4.3 11.6 63.6 20.4 0.37 0.57
Starting alkali-feldsparc 4.8 7.9 63.2 24.1 0.61 0.33
5-day experiment product 5.5 9.0 63.4 22.1 0.61 0.41
K-feldspar 7.7 7.7 61.5 23.1 1 0.33
Kaolinite – 20.9 55.8 21.8 – 1

a Each result reflects the average value of 4 measurements from different alkali-
feldspar grains within the same sample.

b 78-day experiment.
c 5-day experiment.

Table 4
Changes of mineral saturation state (log Q/K) with time for alkali-feldspar dissolution
experiments at 200 °C and 300 bars

Sample # Time Minerals

H K-feldspar Albite Boehmite Kaolinite Muscovite

78-day experiment
1 24 −2.82 −6.85 1.17 1.27 1.60
2 216 −0.82 −4.42 0.85 1.98 2.96
3 456 0.96 −2.38 2.34 5.10 7.73
4 816 0.68 −2.71 2.04 4.31 6.86
5 1368 2.00 −1.07 1.41 4.02 6.91
6 1872 1.40 −1.95 0.75 2.61 5.00

5-day experiment
1 120 −1.14 −4.84 0.87 1.93 2.69
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experiment provide evidence for boehmite conversion to kaolinite as
indicated by the decrease in dissolved silica, an overall process that
can be illustrated as follows:

Boehmite
AlO OHð Þ + 0:5H2O + SiO2 aqð Þ = 0:5KaoliniteAl2Si2O5 OHð Þ4

ð9Þ

The calculated saturation indices for boehmite and kaolinite at 456
and 816 h of reaction, however, reflect supersaturation (Table 4).
Apparently, the rate of albite dissolution is sufficient to maintain a
level of supersaturation in spite of ongoing precipitation of both
minerals, especially kaolinite.

As reactions proceed, compositional changes in the fluid (e.g.,
samples 5 and 6) indicate on-going dissolution of albite, which is
likely accompanied by further replacement of boehmite by kaolinite,
especially as increasing amounts of silica are dissolved. Thus, it is not
surprising that the fluid pH increases (reactions (7) and (8)), although
the rate of increase is surprisingly slow given the temperature of the
experiment. That there is virtually no change in aNa+/aH+ and only
0.43 mmol/kg decrease in dissolved SiO2 from sample intervals 5 to 6
(1369–1872 h of reaction) underscores the sluggishness of rates of
mass transfer between metastable minerals (e.g., boehmite to
kaolinite), even for high degrees of supersaturation ultimately caused
by albite dissolution.

Prediction of reaction progress based on changes in fluid
chemistry is generally consistent with mineral product analysis
data. For example, in the 78-day experiment, XPS data indicate an
increase in Al/Si mole ratio from 0.37 to 0.57 and a decrease in K/Al
from 0.66 to 0.37, consistent with greater coverage by kaolinite on
alkali-feldspar surfaces. These data are consistent with SEM and
HRTEM observations. Moreover, TEM images show that for the 78-
day experiment, boehmite takes on a rounded shape, which is
consistent with constraints imposed by reaction (9). This is in
contrast with the sharp edges of boehmite observed following the 5-
day experiment.

4.1.2. Albite dissolution rate
The lack of dissolved Na+ in the fluid used for the experiments

together with the apparent lack of formation of Na mineralization
during the course of the experiments permits time series changes in
dissolved Na+ to serve as a constraint on the rate of albite dissolution.
This approach is of course limited by the well known Na+⇔H3O+

exchange reaction on the feldspar surface at the initial stage of the
reaction (e.g., Helgeson et al., 1984), but the exchanged amounts
remain to be constant in evaluation of the time series data (Alekseyev
et al., 1997). Our experimental data indicate significant and continuous
increase in dissolved Na+ during the early stages of the experiments,
although both the rate and magnitude of Na+ gain decreases
appreciably with reaction progress, especially beyond 500 h of
reaction (Table 2). The lessening of the Na+ flux is likely caused by
the gradually diminishing thermodynamic drive for albite dissolution.
Please cite this article as: Fu, Q., et al., Coupled alkali-feldspar dissol
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Taking account of the rate of release of dissolved Na+ during the
first 456 h of reaction of the 78-day experiment (Table 2) suggests
albite dissolution rate of approximately 5.0×10−11 mol s−1. This value
is in good agreement with the rate of albite dissolution determined by
Hellmann (1994) for a similar temperature, albite surface area, and
mineral (albite)–fluid saturation state.

The apparent decrease in the rate of albite dissolution with
reaction progress results from changes in solution chemistry that
affects the driving force for the reaction (Lasaga, 1981; Aagaard and
Helgeson, 1982; Helgeson et al., 1984; Nagy and Lasaga, 1992). The
increase in pH that occurs with reaction progress (reactions (7)
and (8)) can induce changes in composition and microtopography of
the mineral (albite) surface (reactive surface area, etch pits) (Holdren
and Speyer, 1985; Brantley et al., 1986; Holdren and Speyer, 1987;
Casey et al., 1988; Schott et al., 1989; Blum and Lasaga, 1991; Amrhein
and Suarez, 1992; Brady and Walther, 1992; Wollast and Chou, 1992;
Oelkers et al., 1994), further inhibiting albite dissolution kinetics.

4.1.3. Coupled reaction processes
Time (t) dependent changes in dissolved SiO2 can be used

effectively to assess rates of incremental reaction steps in the overall
mineral dissolution–reprecipitation processes during the 78-day
experiment, as follows:

r =
wd∑

l

1

1
c ΔmSiO2 aqð Þ

t
ð10Þ

where r is the release/uptake rate of dissolved SiO2, w is the mass of
water in solution (kg), ΔmSiO2(aq)

is the absolute value of SiO2

concentration change (mol/kg) for each mineral dissolution or
precipitation reaction, c is stoichiometric factor of SiO2 in the reaction,
while l is the number of simultaneous reactions considered at each
stage of the experiment.

During the earliest stages of the experiment (Fig. 5A), reaction (8)
is assumed to account for the release of dissolved SiO2. Therefore, the
rate of release of SiO2 from albite not only provides a measure of the
dissolution rate of this mineral, but also the rate of formation of
boehmite. For example, the change in dissolved SiO2 during the first
456 h of reaction is 1.70mmol/kg, whichwhen normalized to themass
of fluid actually present, yields 6.80×10−5 mol. Accordingly, taking
account of the stoichiometry depicted by reaction (8), the rates of
albite dissolution and boehmite formation can be estimated to be
1.38×10−11 mol s−1 (Table 5). Although the rate of albite dissolution
estimated by this method differs from that estimated earlier from the
rate of Na+ release, the two numbers are actually in good agreement
considering uncertainties in mineral surface areas and composition,
analytical uncertainties, and uncertainties related to the assumed
conservation of dissolved Na+ and SiO2(aq) at this stage in the overall
reaction process.
ution and secondary mineral precipitation in batch systems: 1. ...,
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Fig. 5. Mineral phase diagrams in the Na2O–Al2O3–SiO2–H2O–HCl (A) and K2O–Al2O3–

SiO2–H2O–HCl (B) system at 200 °C and 300 bars with experimental data showing time
series change of aNa+/aH+ and aK+/aH+, respectively, with aSiO2(aq) in alkali-feldspar
dissolution experiment (78-day) at same conditions. The sizes of uncertainty bars for y
axis (log aNa+/aH+) of samples 1–4 in (A) are smaller than the size of data symbols.

Table 5
Reaction stages in alkali-feldspar dissolution experiment, and corresponding key
reactions and corresponding mineral dissolution/precipitation ratesa

Stage Samples Time Key reactions Reaction rates (mol s−1)

H Dissolution Precipitation

1 1–3 0–456 NaAlSi3O8+H+=AlO(OH)+
Na++3SiO2(aq)

1.38×10−11

(Ab)
1.38×10−11

(Bmt)
2 3–4 457–816 AlO(OH)+0.5H2O+SiO2(aq)=

0.5Al2Si2O5(OH)4
1.08×10−11

(Bmt)
5.40×10−12

(Kln)
3 4–5 817–1368 NaAlSi3O8+H++0.5H2O=

0.5Al2Si2O5(OH)4+
Na++2SiO2(aq)

2.85×10−11

(Ab)
1.42×10−11

(Kln)

4 5–6 1369–1872 AlO(OH)+0.5H2O+SiO2(aq)=
0.5Al2Si2O5(OH)4

9.48×10−12

(Bmt)
4.74×10−12

(Kln)

Ab: albite; Bmt: boehmite; Kln: kaolinite.
a The dissolution/precipitation rates were calculated based on the predominant

reaction controlling dissolved SiO2 changes in each stage.

8 Q. Fu et al. / Chemical Geology xxx (2008) xxx–xxx

ARTICLE IN PRESS
Using a similar approach for all reaction stages directly or
indirectly contributing to the formation of kaolinite (Table 5), the
mass of kaolinite formed throughout the experiment can be estimated
to be approximately 11mg. This value is similar to that estimated from
SEM data, assuming all of the mineralization associated with the
alkali-feldspar surface is kaolinite.

4.2. K-feldspar dissolution and precipitation

As shown above, K-feldspar was undersaturated before 456 h of
reaction (Table 4). The dissolution of K-feldspar in moderately acidic
aqueous fluid can be illustrated as follows:

K� feldspar
3KAlSi3O8

+ 2H + = Muscovite
KAl3Si3O10 OHð Þ2

+ 2K + + 6SiO2 aqð Þ: ð11Þ

Accordingly, dissolution of K-feldspar releases SiO2 and K+ into
solution by consuming H+ until K-feldspar–muscovite equilibrium is
achieved. Owing to constraints imposed by temporal changes in fluid
chemistry, data indicate that K-feldspar approached saturation and
then supersaturation between 216 and 456 h of reaction, respectively
(Table 4). Thus, subsequent to 456 h of reaction, K-feldspar dissolution
is inhibited.
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In the first 456 h of 78-day experiment, the relatively low fluid pH
can be expected to enhance boehmite formation (Fig. 5B), as follows:

K� feldspar
KAlSi3O8

+ H + = Boehmite
AlO OHð Þ + K + + 3SiO2 aqð Þ: ð12Þ

As emphasized previously, kaolinite was the dominant alteration
mineral product to form during the 78-day experiment owing to the
preferential reactivity of albite. Data indicate, however, a large
(−21.76 kJ/mol) thermodynamic drive to convert kaolinite to musco-
vite in a manner consistent with the following reaction:

Kaolinite
3Al2Si2O5 OHð Þ4

+ 2K + = Muscovite
2KAl3Si3O10 OHð Þ2

+ 2H + + 3H2O: ð13Þ

The end of the 78-day experiment did not achieve K-feldspar–
muscovite–fluid equilibria. Instead, the system is at a metastable state
as suggested by the coexistence of kaolinite and K-feldspar, and the
apparent absence of muscovite in spite of a strong thermodynamic
drive for its formation (Table 4). Similar observations have long been
reported based on field and experimental studies of hydrothermal and
diagenetic systems (Huang et al., 1986; Ehrenberg,1991; Bjørlykke and
Aagaard, 1992; Ehrenberg et al., 1993).

The experimental results by Huang et al. (1986) depicting
conversion of albite to illite showed that the formation of illite
occurred most effectively under near neutral pH conditions, while
boehmite and kaolinite were formed in initially acidic solution.
Moreover, kinetic modeling conducted by Berger et al. (1997) showed
that the energy barrier for kaolinite conversion to illite is greater than
8.4 kJ/mol at 120 °C, which helps to explain kaolinite metastability.
Similarly in the 78-day experiment, the relatively acidic fluid
chemistry initiated albite dissolution in the boehmite stability field
(Fig. 5A), which resulted in early formation of boehmite, followed by
kaolinite. Although muscovite formation by reaction (13) is increas-
ingly thermodynamically favored with reaction progress (Table 4),
with Gibbs free energy of −21.76 kJ/mol at 1872 h of reaction, kaolinite
persists, while muscovite or illite failed to form in detectable amounts.

Theoretical calculations (Berger et al., 1997) and experimental data
(Huang et al., 1986) indicate that changes in fluid chemistry, such as
consumption of H+ or increase in K+, facilitate conversion of kaolinite
to muscovite, which is consistent with the relatively high aK+/aH+

values for muscovite stability (Table 4; Fig. 5B). Using a rate law and
rate constant (2.74×10−12 kg m−2 s−1) proposed by Chermak and
Rimstidt (1990), which explicitly accounts for constraints imposed by
fluid chemistry, we can obtain a provisional estimate of the conversion
rate of kaolinite to muscovite. These data indicate that approximately
189 days beyond the time of sample 6 (78 days) would be required to
convert all of the kaolinite (10 mg) with an inferred surface area of
3.86 m2/g to muscovite (reaction (13)). The accuracy of this prediction
is constrained by the fact that it is not possible to explicitly account for
ution and secondary mineral precipitation in batch systems: 1. ...,
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the full effects of subsequent changes in fluid chemistry and effective
surface area that will influence mineral dissolution (albite) and
precipitation (muscovite) processes. A more serious limitation,
however, involves the complete lack of data intrinsic to muscovite
nucleation and growth. It is well known, for example, that the rate of
mineral nucleation is controlled by interfacial energy, the collision
frequency efficiency, temperature, as well as supersaturation (Nielsen,
1986). In the absence of these data, the provisional rate for kaolinite
conversion to muscovite estimated above must be taken as a
minimum value.

Between 216 and 456 h of reaction, K-feldspar became super-
saturated. Other than alkali-feldspar microtextural control (Lee and
Parsons, 1995), the high K+ concentration of the starting fluid
undoubtedly plays a role in the observed reaction path processes as
well. For example, the high concentration of dissolved K+ in the
starting fluid (200 mmol/kg), together with constraints imposed by
the coexistence of two alkali feldspars, provide ample driving force for
the reaction between these two feldspars to proceed as follows:

Albite
NaAlSi3O8

+ K + = K� feldspar
KAlSi3O8

+ Na + : ð14Þ

Calculations indicate that the Gibbs free energy change for the above
reaction at 200 °C, 300 bars varies from −31.67 to −22.97 kJ/mol.
Accordingly, as reactions proceed, the concentrations of dissolved K+

and Na+ are predicted (and observed) to decrease and increase,
respectively. In detail, however, the “cation exchange” reaction
between albite and K-feldspar is an exceedingly complex process,
involving breakdown and rebuilding of Si–O and Al–O bonds (O'Neil
and Taylor, 1967; O'Neil, 1977) and dissolution and precipitation with
an abrupt discontinuity at the interface (Labotka et al., 2004). The
possible rimming of K-feldspar on the albite component undoubtedly
limits reaction rates and extent of mass transfer on the time scale of
the experiment.

4.3. Coupled dissolution and precipitation reaction kinetics

In the absence of precipitation of muscovite/illite during the present
experiments, the build up of solutes would provide a negative feedback
on the rate of dissolution of the primary feldspars. This has important
implications for the application of chemical kinetics to natural systems,
as emphasized by Lasaga (1998). Lasaga (1998) showed a series of
scenarios of possible reaction paths with different ratios of rate
constants between feldspar and secondary clay mineral products.
Indeed, results show that the dissolution rate of primary feldspar is an
explicit function of the relative rates of all irreversible reactions in the
system. In cases where the ratio of the reaction rate constant of
secondary minerals to that of feldspar dissolution is small (as might be
the case during the present experiment), the metastable coexistence of
Al hydroxide and kaolinite grows significantly. At a sufficiently small
value it is possible that three alteration phases including muscovite,
could coexist with the primary feldspar. Thus, reaction path models
based on assumptions of partial equilibria that necessarily entail
formation of chemically complex secondary phases immediately upon
saturation of the fluid with respect to these minerals will provide
uncertain constraints on the chemical evolutionoffluids andminerals in
time and space in hydrologic and even hydrothermal systems.

5. Conclusions

Alkali-feldspar hydrolysis experiments using a well-mixed batch
reactor allowed observations of time series in situ fluid chemistry at
200 °C and 300 bars to be integrated with the mineralogy and
composition of reaction products retrieved after 5 and 78 days.
Hydrolysis of the albite component of alkali-feldspar resulted in the
formation of boehmite, and then kaolinite. SEM, HRTEM and XPS
Please cite this article as: Fu, Q., et al., Coupled alkali-feldspar dissol
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analyses of the surface of alkali-feldspar provide clear evidence for the
preferential reaction of albite and coexistence of secondary miner-
alization involving both boehmite and kaolinite. The experimentally
observed release of Na+ and SiO2(aq) during the earliest stages of
reaction of the 78-day experiment (less than 500 h) indicate a
dissolution rate for albite in agreement with other studies when
mineral surface area, temperature and saturation state effects are
taken into account. The rate of albite dissolution becomes slower
during late stages of reaction, likely due to the formation of secondary
minerals on active sites on the albite surface and/or the gradually
diminished thermodynamic drive for albite dissolution. The meta-
stable existence of kaolinite results in part from intrinsically sluggish
conversion of kaolinite to muscovite in moderately acidic fluids.

Traditionally, feldspar hydrolysis is treated with the assumption of
partial equilibria between the secondary minerals and the aqueous
solution. If this partial equilibrium is not observed, the reaction paths
are different in terms of both aqueous solution chemistry and
secondary mineral paragenesis (Lasaga, 1998). Our detailed miner-
alogical analysis showed that boehmite and kaolinite persisted
metastably during the entire 78 days experiment, which provides
the first experimental evidence to support earlymodeling illustrations
(Steefel and van Cappellen, 1990; Lasaga, 1998). The time series
solution chemistry data and calculated saturation indices are also
more consistent with Lasaga's (1998) cases with slow clay precipita-
tion kinetics than the partial equilibrium case. Slow secondarymineral
reaction kinetics means strong coupling between dissolution and
precipitation reactions, which is important in interpretation of field
derived rates (Zhu et al., 2004a,b).
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ABSTRACT 

In order to evaluate the complex interplay between dissolution and precipitation reaction 

kinetics, we examined the hypothesis of partial equilibria between secondary mineral products 

and aqueous solutions in feldspar-water systems. Speciation and solubility geochemical 

modeling was used to compute the saturation indices (SI) for product minerals in batch feldspar 

dissolution experiments at elevated temperatures and pressures and to trace the reaction paths on 

activity-activity diagrams. The modeling results demonstrated: (1) the experimental aqueous 

solutions were supersaturated with respect to product minerals for almost the entire duration of 

the experiments; (2) the aqueous solution chemistry did not evolve along the phase boundaries 

but crossed the phase boundaries at oblique angles; and (3) the earlier precipitated product 

minerals did not dissolve but continued to precipitate even after the solution chemistry had 

evolved into the stability fields of minerals lower in the paragenesis sequence. These three lines 

of evidence signify that product mineral precipitation is a slow kinetic process and partial 

equilibria between aqueous solution and product minerals were not held. In contrast, the 

experimental evidences are consistent with the  hypothesis of mineral dissolution/precipitation 

kinetics that the ratio of the secondary mineral precipitation rate constant to the rate constant of 

feldspar dissolution is well below unity (e.g., Zhu et al., 2004.. In: Wanty, R. B. and Seal, R. R. I. (Eds.), 

Water-Rock Interaction. A.A. Balkema, Saratoga Springs, New York.  v. p. 895-899). In all batch experiments 

examined, the time of congruent feldspar dissolution was short and supersaturation with respect 

to the product minerals was reached within a short period of time. The experimental system 

progressed from a dissolution driven regime to a precipitation limited regime in a short order. 

The results of this study suggest a strong coupling and feedback between dissolution and 

precipitation reaction kinetics, which needs to be considered in the interpretation of field based 
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dissolution rates.   

1. INTRODUCTION 

As pointed out by Drever (2004) in his foreword to the surficial geochemistry volume of 

the Treatise on Geochemistry, one fundamental assumption in geochemistry that has received 

relatively little attention since the initial proposal, is that partial equilibrium may exist among 

mineral products from the dissolution of the primary mineral (e.g., feldspar) and the aqueous 

solution (Helgeson, 1968; Helgeson et al., 1969; Helgeson, 1970; Helgeson et al., 1970; 

Helgeson, 1971; Helgeson, 1974; Helgeson and Murphy, 1983). The term “partial equilibrium” 

was used by Helgeson (1979) to describe the feldspar-water system as an example, in which all 

solutes are at equilibrium with each other and secondary minerals are at equilibrium with the 

aqueous solution but the aqueous solution is not at equilibrium with feldspar. As a consequence 

of partial equilibrium, mass transfer processes in silicate weathering systems is regarded as 

driven by irreversible dissolution of the primary mineral (Helgeson, 1979). A large body of 

literature on silicate weathering has focused on feldspar dissolution rates in soils and 

groundwater, with little references to the kinetics of product mineral precipitation (see reviews in 

Blum and Stillings, 1995; Drever and Clow, 1995; White and Brantley, 2003; Bricker et al., 

2004). Over the years, it has been shown through numerical modeling of feldspar hydrolysis – 

secondary mineral precipitation reactions, that if the partial equilibrium assumption does not 

hold, aqueous chemistry evolution, mineral paragenesis, and reaction rates can deviate 

significantly from the Helgeson classic reaction path model (Steefel and Van Cappellen, 1990; 

Lasaga et al., 1994; Lasaga, 1998; Zhu et al., 2004a; Ganor et al., 2007). However, to date, the 

partial equilibrium hypothesis has yet to be systematically tested.  
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What has prompted us to re-examine this hypothesis proposed nearly half a century ago is 

its current relevance to the interpretation of the well known and extensively discussed apparent 

discrepancy between the field derived feldspar dissolution rates and those measured in the 

laboratory (Blum and Stillings, 1995; Drever and Clow, 1995), which currently is under intense 

and active research. In general, field derived feldspar dissolution rates are two to five orders of 

magnitude slower than laboratory measured rates (ibid). Note, however, that when comparing 

field and laboratory derived rates, one must be careful that the former represent bulk and 

effective rates and the latter are usually measured at conditions far from equilibrium (Zhu, 2005). 

Nevertheless, such a large discrepancy underscores our poor understanding of some the 

fundamental chemical and physical processes which control silicate reaction kinetics in nature.  

One distinction that differentiates the field and laboratory conditions is that weathering 

product minerals are often intimately associated with the primary minerals in nature (Banfield 

and Eggleton, 1990; Banfield et al., 1991; Banfield and Barker, 1994; Zhu et al., 2006; Hereford 

et al., 2007). Conversely, in laboratory experiments, the precipitation of product minerals was 

often purposely suppressed. Recognizing the close association between the secondary minerals 

and primary mineral in the field, Zhu et al. (2004a) proposed a new hypothesis for explaining the 

laboratory-field discrepancy wherein the slow kinetics of secondary clay precipitation is the rate 

limiting step and thus controls the overall feldspar dissolution rate. Clay precipitation removes 

solutes from the aqueous solution, maintaining a condition of feldspar undersaturation, makes 

additional feldspar dissolution possible, but the slow clay precipitation (or smaller effective rate 

constants with respect to that for the dissolution reaction, see below) results in a steady state in 

which the aqueous solution is near equilibrium with feldspar. Therefore, slow clay precipitation 

could effectively reduce feldspar dissolution rates by orders of magnitude, in a fashion consistent 
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with laboratory rates at conditions far from equilibrium, the control of dissolution rates by the 

Gibbs free energy of the reaction, and many field observations (Zhu et al., 2004a). 

The potential control of slow clay precipitation on overall feldspar dissolution rates calls 

for rigorous testing of the above mentioned partial equilibrium hypothesis. Therefore, we have 

conducted a series of batch experiments of feldspar dissolution and secondary mineral 

precipitation at elevated temperatures and pressures (Fu et al., 2008). The new experiments are 

necessary because earlier studies, mostly conducted in the 1960s, typically did not (1) measure 

the aluminum concentrations that are necessary for saturation index evaluations; (2) analyze (or 

had the capacity to analyze with the techniques of the time) mineral products of nanometer size 

in great detail, or (3) take extra care to remove the fine particles on the feldspar surfaces that 

were later found to produce parabolic rate law artifacts (Holdren and Berner, 1979). 

The present communication consists of geochemical modeling of the experimental results 

reported in Fu et al. (2008) as well as those in the literature (Alekseyev et al., 1997; Murakami et 

al., 1998) in the context of the partial equilibrium hypothesis and classic reaction path model. 

Although numerical reaction path modeling to match temporal evolution of aqueous solution 

chemistry and changes of the reaction rates could present more quantitative arguments in this 

study, the reaction path modeling would necessarily invoke the assumptions of reactive surface 

areas and the forms of rate laws, both of which are controversial. It is important to establish the 

evaluation of the partial equilibrium hypothesis without these assumptions.   

 

2. BACKGROUND 

To facilitate the discussions that follow, let us start with the classical reaction path model of feldspar 

hydrolysis (Helgeson, 1968; Helgeson et al., 1969; Helgeson, 1971; Helgeson, 1979), which states that: (1) 

dissolution of primary feldspar is the rate-limiting irreversible reaction and the driver of all processes in the system; 
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(2) precipitation of all secondary minerals is instantaneous; (3) the aqueous solution is at equilibrium with or 

undersaturated with respect to all secondary minerals at all times; (4) fluid chemistry evolves along the boundaries 

of the mineral phases on equilibrium activity-activity diagrams (abbreviated as a–a diagrams hereafter); and (5) 

secondary minerals dissolve and precipitate in a paragenesis sequence as aqueous chemistry evolves. This model has 

been described in nearly all geochemistry textbooks (see Anderson and Crerar, 1993; Krauskopf and Bird, 1995; 

Stumm and Morgan, 1996; Drever, 1997; Faure, 1998).  

Consider the classic example of K-feldspar (microcline) hydrolysis at 25 oC and 1 bar in a closed system 

(Fig. 1a). Because it is out of equilibrium, feldspar dissolves in pure water (with a little HCl) that initially contains 

essentially no Si, K, or Al. When the solution reaches point 1 on Fig. 1a, gibbsite forms and the solution is located in 

the gibbsite stability field. The aqueous solution has a saturation index (SI) of zero for gibbsite and is undersaturated 

with respect to kaolinite and muscovite. At point 2, kaolinite starts to precipitate. The coexistence of gibbsite and 

kaolinite buffers the activity of silica, and the fluid composition moves along the gibbsite-kaolinite boundary on the 

a–a diagram. As feldspar continues to dissolve, gibbsite is converted to kaolinite. Along 2 to 3, the saturation indices 

for both gibbsite and kaolinite are zero (at equilibrium) and for muscovite negative (undersaturated) (Fig. 1b). After 

all of the gibbsite is consumed, the fluid composition departs from the gibbsite-kaolinite boundary and traverses the 

kaolinite stability field toward microcline. Within the kaolinite stability field (point 4), the solution is undersaturated 

with respect to gibbsite (SI <0), saturated with respect to kaolinite (SI=0), and undersaturated with respect to 

muscovite (Fig. 1b). Between points 5 and 6, as K and Si concentrations increase, the solution reaches saturation 

with respect to muscovite, and muscovite starts to precipitate. The coexistence of muscovite and kaolinite buffers the 

activity ratio (aK+/aH+), and the fluid composition moves horizontally along the muscovite-kaolinite boundary 

(points 5, 6). After all the kaolinite is consumed, the fluid composition departs from the kaolinite-muscovite 

boundary and evolves across the muscovite stability field towards K-feldspar. When the reaction path reaches point 

7, quartz saturation is achieved. There are two different paths depending on whether quartz precipitates. If quartz 

precipitation is inhibited, the solution continues to evolve along the direction of point 6 → point 7, towards the K-

feldspar field. If quartz precipitates, the solution would evolve along the direction of point 7 → point 8, i.e., along 

the quartz saturation line (dashed line). In the second case, muscovite and quartz both precipitate because the 

solution is supersaturated with both muscovite and quartz. It is also possible, depending on the starting point, that 

the reaction path would not encounter the muscovite stability but would reach the microcline field through the 
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kaolinite field or directly from the gibbsite field into muscovite field (Helgeson, 1979; Steinmann et al., 1994).  

While the a–a diagrams depict the evolution of fluid chemistry (i.e., reaction path) in the feldspar-water system, the 

mineral abundance versus time diagram (Fig. 1c) depicts the sequential appearance and disappearance of gibbsite, 

kaolinite, muscovite, and quartz as the fluid moves from one stability field to another following the well known 

paragenesis sequence determined by thermodynamics.   

However, Lasaga (1998) used different ratios of rate constants ki/kfeld , where i stands for clay minerals 

gibbsite, kaolinite, or muscovite, and showed that reaction paths deviate from the classic reaction path model if the 

secondary minerals are not at equilibrium with the aqueous fluid. The deviations are manifested in two forms. First, 

the fluid chemistry no longer evolves along the mineral stability boundaries, but enters into another mineral stability 

field across the boundary at an oblique angle (hence, the reaction path is different from the classic reaction path 

model in terms of fluid chemistry). Second, the secondary minerals precipitated earlier no longer dissolve 

completely as fluid moves into the stability field of another mineral lower in the paragenesis sequence, but persist 

for a duration determined by the rate constant ratios. For example, some gibbsite persists when the solution 

chemistry is in the stability field of kaolinite. There may be a region of coexistence of gibbsite and kaolinite, and 

even a region of coexisting gibbsite, kaolinite, and muscovite. These regions become larger as the ratios of ki/kfeld 

become smaller. Zhu et al. (2004a; 2004b) showed that when the ki/kfeld (or more precisely the effective rate 

constants defined as k*= k × surface area) are in 10-2 to 10-4, clay precipitation becomes the rate limiting step and a 

steady state persisted at which feldspar continues to dissolve near equilibrium at a much reduced rate due to the free 

energy effect. The term of “slow clay precipitation” in this communication refers to this scenario (i.e., 

1/ ** 〈〈feldi kk ). However, these numerical predictions were intuitive and illustrative. The partial equilibrium 

hypothesis has not been tested experimentally or systematically.  

 

3. MODELING RESULTS 

In this paper, saturation indices (SI) for relevant minerals were calculated from the 

measured temperatures, pressures, and chemical compositions of experimental aqueous 

solutions. SI is defined as log(Q/K), where Q denotes the activity quotient and K the equilibrium 
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constant (Zhu and Anderson, 2002, p. 45). Equilibrium activity-activity diagrams for mineral 

stability and phase relations were constructed to trace the evolution of the aqueous chemistry 

during the batch experiments. For all thermodynamic calculations, the standard states for the 

solids are defined as unit activity for pure end-member solids at the temperature and pressure of 

interest. The standard state for water is the unit activity of pure water. For aqueous species other 

than H2O, the standard state is the unit activity of the species in a hypothetical one molal solution 

referenced to infinite dilution at the temperature and pressure of interest. Standard state 

thermodynamic properties for mineral end-members were taken from Holland and Powell (1998) 

except for boehmite (see Appendix A), for water from Haar et al. (1984), for Al-bearing aqueous 

species from Tagirov and Schott (2001), KClo
(aq) from Ho et al. (2000), and all other aqueous 

species from Shock and Helgeson (1988), Shock et al. (1989), Shock et al. (1997), and 

Sverjensky et al. (1997) (Table 1a). The temperature and pressure dependences of 

thermodynamic properties for aqueous species, when applicable, were predicted using the 

parameters of the revised HKF equations of state for aqueous species (Helgeson et al., 1981; 

Tanger and Helgeson, 1988; Shock et al., 1992). Calculations of equilibrium constants were 

facilitated with a modified version of SUPCRT92 (Johnson et al., 1992) with the heat capacity 

function of Holland and Powell (1998) for minerals. Speciation and solubility calculations were 

aided with the computer code PHREEQC (Parkhurst and Appello, 1999) and EQ3/6 (Wolery, 1992) 

together with our own equilibrium constant databases for the programs with thermodynamic 

properties noted above. Activity coefficients for the charged aqueous species were calculated 

from the extended Debye-Hückel equation or B-dot equation fitted to mean salt NaCl activity 

coefficients (Helgeson et al., 1978; Oelkers and Helgeson, 1990).  

In order to test whether the conclusions still stand when different sets of thermodynamic 
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properties are used, SI values for primary minerals and product minerals were also calculated 

using three additional sets of thermodynamic properties for mineral end-members and aqueous 

species. These datasets are referred to A, B, and C in the following discussion, and their sources 

of thermodynamic properties are listed in Table 1b. The SI values calculated using these three 

datasets are presented as open symbols in Figs. 3, 5, 7, 9 , 11, together with the baseline case 

(“BL” represented by solid symbols) described in the preceding paragraph. The equilibrium 

constants and calculated values of SI from these three datasets are shown in the Electronic Annex. 

Table 2 summarizes the batch experiments, for which geochemical modeling was carried out. 

 

3.1. Alkali Feldspar Dissolution and Clay Precipitation  

3.1.1. Experimental Design and Results 

Two batch experiments for alkali feldspar dissolution in ~0.20 m KCl solution at an 

initial pH of 3.1 were conducted at 200 °C and 300 bars in a flexible Au/Ti reaction cell, which 

was placed in a steel-alloy autoclave (Fu et al., 2008). X-ray diffraction (XRD) and electron 

microprobe analysis (EMPA) results show that the alkali feldspar sample was composed of 35% 

low albite (Ca0.04Na0.95K0.01Al1.04Si2.96O8), 60% orthoclase (K0.85Na0.15Al1.04Si2.97O8), and 5% 

quartz. A time series of in situ aqueous samples was analyzed for Cl, Si, Al, K, Na, and Ca as 

well as trace elements. One experiment was terminated at the end of 120 h, and the solids in the 

experiment were recovered for analysis. XRD and High Resolution Transmission Electron 

Microscopy (HRTEM) results showed boehmite and trace amount of kaolinite. Scanning 

Electron Microscopic (SEM) examination showed dissolution channels and the feldspar surfaces 

were covered with product minerals. The second experiment was terminated after 1872 h. XRD 

of the solids detected boehmite and kaolinite, but no detectable muscovite. SEM images of the 
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reaction products after the batch experiments showed that hexagonally shaped secondary 

minerals were present on the grains of alkali feldspars, but with no clear orientation or 

preferential sites on the feldspar surfaces. Laminar channels and etch pits on the surface of alkali 

feldspars indicated dissolution heterogeneity. The surface coverage of the secondary minerals 

was approximately 20%.  

3.1.2. Reaction Paths and Mineral Saturation Indices  

The time evolution of aqueous chemistry in the system Na2O-K2O-(Al2O3)-SiO2-H2O-

HCl system is traced on a–a diagrams (Fig. 2). The parentheses on Al2O3 indicate that Al2O3 is 

used as the balancing component in writing reversible reactions for this system. Although three 

dimensional (3D) phase diagrams with axes of log aSiO2(aq) – log (aK+/aH+) – log (aNa+/aH+) 

represent the reaction paths more realistically, the 3D diagrams in publications are difficult to 

view without the ability to rotate the axes. Therefore, although we constructed the 3D a-a 

diagrams and used them for data analysis, we present the a–a diagrams in two-dimensions (2D), 

which can be viewed as the 2D projection of the three dimensional diagrams on the plane that 

intersects zero on the third axis. Because this experiment is a K+-dominated system with respect 

to Na+, we present the 2D log aSiO2(aq) – log (aK+/aH+) a–a diagrams, which approximately 

portray the phase relations pertaining to the experimental system. Microcline was used in place 

of orthoclase because thermodynamic properties for orthoclase are not available in the database 

of Holland and Powell (1998). To illustrate the temporal evolution of the system, we added time 

as the vertical axis in Fig. 2b. 

The solution chemistry fell within the boehmite stability field after 24 h. The 120 h 

sample showed that the aqueous fluid crossed the boehmite-kaolinite boundary and entered into 

the kaolinite stability field. Fluid chemistry fell in the muscovite stability field from 216 to 1872 
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h, but muscovite was not detected in the products (Fu et al., 2008). Dissolution of the microcline 

should have stopped at 456 h because the microcline was supersaturated at this point (see below), 

but the fluid chemistry did not reach the microcline stability field even at the end of the 

experiment. 

Although albite continued to dissolve in the experiment (Fu et al., 2008), the 2D log 

aSiO2(aq) – log (aNa+/aH+) diagram is omitted here because it gives misleading projection that 

samples 3 to 7 fell within the kaolinite stability. In the 3D a–a diagram (not shown), it is clear 

that these samples fell within the muscovite stability in this K+-dominated system.  

 SI values of the minerals of interest were calculated at each sampling time (Table 3). All 

sampled solutions were undersaturated with respect to albite (i.e., the major reactant), but the 

experimental solution changed from undersaturation with respect to microcline from 24 to 216 h 

to supersaturation at 456 h. The solutions reached supersaturation with respect to boehmite,  

kaolinite, and muscovite at the earliest sampling time of 24 h, and these phases continued to be 

supersaturated during the entire experiment (Fig. 3 and Table 3). Boehmite SI decreased slightly 

from 24 to 216 h coinciding with the fluid chemistry entries into the kaolinite field, increased to 

a maximum of 2.4 at 456 h, and then decreased toward the end of the experiment. Kaolinite SI 

showed a maximum at 456 h, and then decreased toward the end of the experiment.  

The supersaturation of kaolinite and muscovite while the fluid chemistry is located in the 

boehmite stability field, and the supersaturation of boehmite while the fluid chemistry is located 

in the kaolinite and muscovite fields, indicate a departure from partial equilibrium between the 

aqueous solution and the secondary phases. Lasaga (1998) found muscovite supersaturation 

while the fluid is in the kaolinite field in the reaction path simulations that incorporated kinetics 

of secondary mineral dissolution and precipitation (see Discussion below).  
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The solution was undersaturated with respect to paragonite from 24 h to 216 h, but 

supersaturated from 456 h to 1872 h (Fig. 3 and Table 3) while the solution was located in the 

muscovite stability field. The sampled solutions were undersaturated with respect to quartz up to 

816 h, but close to equilibrium with quartz after 1368 h (Fig. 3 and Table 3).  

The conclusion of supersaturation of product minerals for the baseline case (with solid 

symbols and connecting lines in Fig. 3) seems to sustain when different sets of thermodynamic 

properties are used (Fig. 3, open symbols and labeled as “A”, “B”, “C”, see Table 1b). In other 

words, the uncertainties of the thermodynamic properties for mineral end-members and aqueous 

species are not large enough to result in indications of opposite reaction directions for the 

experiments examined. To evaluate the baseline case further, the propagated errors in SI values 

were calculated for 95% confidence interval from the reported standard deviation of enthalpy of 

formation at 25 oC alone (Hemingway et al., 1991; Holland and Powell, 1998). 

The reaction path from sample at 816 h to samples at 1368h and1872 h requires the total 

consumption of boehmite in the partial equilibrium case. However, as noted earlier, the 

prolonged experiment did not show the disappearance of boehmite even though the solution 

chemistry had drastically departed from the boehmite field (Fig. 2b). In other words, the 

experimental data did not show sequential mineral dissolution and precipitation or paragenesis 

from boehmite to kaolinite to muscovite, as predicted by theoretical calculations assuming partial 

equilibrium between the product minerals and the aqueous solution with evolving chemistry. It 

should also be noted that the solution reached boehmite supersaturation very quickly after the 

experiment commenced (the earliest sampling time was 24 h after the experiment started).  
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3.2. Alkali Feldspar Dissolution and Clay Precipitation in CO2 Charged Systems 

3.2.1. Experimental Design and Results 

These two batch experiments for alkali feldspar dissolution were similar in design to 

those presented in the preceding section. However, the experiments differed by adding 50 mM 

CO2 into the experimental charge. One experiment was terminated at the end of 120 h, and a 

second experiment was terminated after 648 h. SEM images of the reaction products showed 

extensive dissolution features and secondary mineral coverage on feldspar grain surfaces. TEM 

study detected boehmite in samples after 120 h reaction, and XRD patterns indicated boehmite 

and muscovite in the 648 h sample. The fluid chemistry data are presented in Appendix B.  

 

3.2.2. Reaction Paths and Mineral Saturation Indices  

The reaction paths from these two batch experiments (Fig. 4) are different from those in 

the counterpart experiments without CO2 (cf. Fig. 2) because they started with a higher initial pH 

so that the kaolinite field was skipped. SI values of the minerals of interest are listed in Table 4. 

All sampled solutions were undersaturated with respect to albite, but the experimental solution 

changed from undersaturation with respect to microcline to supersaturation after 24 h. As in the 

experiments without CO2, the solutions attained supersaturation with respect to boehmite, 

diaspore, kaolinite, and muscovite at the earliest sampling time of 24 h, and these phases were 

supersaturated during the entire experiment (Fig. 5 and Table 4). The supersaturation of 

muscovite while the fluid chemistry has located in the boehmite stability field, and the 

supersaturation of boehmite while the fluid chemistry was located in the muscovite stability field 

are, again, indicative of a departure from partial equilibria between the aqueous solution and 

secondary phases (Lasaga, 1998). 
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 Similar to what Steinmann et al. (1994) illustrated in classroom exercises at room 

temperature, the fluid chemistry would be fixed at a point on the boehmite – muscovite boundary 

for the partial equilibrium case because the reaction 

AlOOH + KAlSi3O8   KAl3Si3O10(OH)2 

does not change aqueous compositions of the system. However, the experimental data show that 

the aqueous fluid departed from the boehmite – muscovite boundary while boehmite was still 

observed at the end of the experiment. Apparently, partial equilibria were not observed. 

 

3.3. Anorthite Dissolution Batch Experiments 

3.3.1. Experimental Design and Results 

Murakami et al. (1998) performed three series of batch experiments for anorthite 

(An95Ab5) dissolution in 0.03 M sodium acetate at 90, 150, and 210 oC with a room temperature 

initial pH of 4.56. Single crystals of anorthite were prepared by crushing. Experimental runs 

were from 72 h to 8520 h. After the run, the reaction vessel was cooled to room temperature 

within 30 min, and the aqueous solution was filtered with 0.22 μm filters. Secondary minerals 

formed during the experiments were identified with XRD, SEM, and HRTEM. A sequence of 

secondary minerals, including boehmite, “modified boehmite” with silica, and kaolinite, was 

formed with increasing reaction time. Table 5 summarizes their reported experimental times 

when the different product minerals were observed. 

 

3.3.2. Reaction path and Mineral Saturation Indices  

        The time evolution of Murakami et al.’s (1998) aqueous solution chemistry in the system 

CaO-Na2O-(Al2O3)-SiO2-H2O-HCl-acetate was traced on the a–a diagrams (Fig. 6). In all 
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experiments, the solution chemistry quickly evolved from the boehmite stability field to the 

kaolinite stability field after 240, 72, and 72 hours, at 90, 150 and 210 oC, respectively. The 

solution chemistry stayed within the kaolinite field with little change for thousands more hours. 

This results in an almost vertical trend on the 3D a–a-t diagrams (Fig. 6b). Murakami et al. 

(1998) found that boehmite and “modified boehmite” are the main product minerals from 

anorthite dissolution at 90, 150, and 210 °C. Kaolinite was found after 2328 hours’ of experiment 

at 210 oC, long after the solution chemistry had entered into the kaolinite stability field.  

The solutions were supersaturated with respect to boehmite and kaolinite during the 

entire experiments at 90, 150, and 210 °C (Fig. 7 and Table 5). Kaolinite supersaturation 

occurred when the fluid chemistry was still located in the boehmite field. The solutions were 

undersaturated with respect to anorthite during the 90 °C experiment, but changed from 

undersaturation to supersaturation at 150 °C after 240 hours, and 210 °C after 816 hours (Fig. 7 

and Table 5). At 90 and 150 oC, anorthite SI did not vary monotonically. There was an increase, 

and then a decrease with time, probably coincident with precipitation of product mineral(s). 

Murakami et al. (1998) believed that anorthite dissolution continued during the entire experiment 

as evidenced by the continued increase of Ca2+ concentrations. Therefore, the calculated SI (>0) 

of anorthite in the experiments could result from uncertainties of thermodynamic properties for 

anorthite, which show an unusually large range in the literature (Arnórsson and Stefánsson, 

1999). The experimental solutions were also supersaturated with respect to paragonite. The 

experimental solutions were close to quartz saturation at the end of the experiments.  

3.4. Sanidine and Albite Dissolution Experiments  

Alekseyev et al (1997) conducted two series of batch experiments. The first one was for 

sanidine (KNa0.03Al0.99Si3O8) dissolution in 0.1 m NaHCO3 solution and the second series for 
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low albite (Na0.97K0.02AlSi3.01O8) dissolution in 0.1 m KHCO3 solution, both at 300 °C and 88 

bars (Alekseyev et al., 1997). The pH was buffered by the dissolved carbonate and bicarbonate to 

near 9. XRD and SEM results indicate that the secondary minerals formed for sanidine and albite 

dissolution were analcime (NaAlSi2O6· H2O) (after ~7 h) and sanidine (after ~ 16 h), respectively.  

Alekseyev et al. (1997) conducted detailed modeling analysis of their experimental data. They 

concluded that secondary mineral precipitation rates dominate the kinetics of incongruent 

dissolution. We examined their experimental results in the same manner as shown above for 

consistency, but our conclusions are similar to those of Alekseyev et al (1997). 

 

3.4.1. Sanidine Dissolution in NaHCO3 Solution 

The evolution of the aqueous solution chemistry during Alekseyev et al’s (1997) 

experiments is depicted in the a-a diagrams for the Na2O-K2O-(Al2O3)-SiO2-H2O-CO2 system, 

projected for the zero log (aK+/aH+) for the Na-dominated experimental system (Fig. 8). The 

solution chemistry evolved from the paragonite stability field to the analcime stability field after 

0.25 h. The solution stayed in the analcime stability field from 0.25 to 7 h, and entered into the 

albite stability field and stayed there until the end of the experiment (16 h-1848 h) (Fig. 8d). 

Even though the solution chemistry fell in the albite stability field, albite was not detected with 

either XRD or SEM and was undersaturated (see below).  Alekseyev et al. (1997) observed 

analcime precipitation from 16 to 1848 h. Because both the pH of the solution was buffered 

around 9 and Na+ was predominant, the aNa+/aH+ ratios stayed nearly constant.  

         Saturation indices for minerals of interest were calculated for each experiment (Fig. 9 and 

Table 6). The solutions were undersaturated with respect to sanidine during the entire experiment 

(Fig. 9a and Table 6). The solutions were supersaturated with respect to analcime and albite 
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during 7 to 72 h and 16 to 72 h reaction time, respectively. During the other time intervals, the 

solutions were undersaturated with respect to analcime and albite. The apparent conflict between 

calculated <0 SI values and the observation of continued analcime precipitation (Alekseyev et al., 

1997) is puzzling, but could be related to uncertainties in the thermodynamic properties for 

analcime. As a member of the zeolite group, analcime may have a range of chemical 

compositions and structural details. Our calculated analcime SI values are within ~0.2 units of 

those calculated by Alekseyev et al. (1997) who used different thermodynamic properties but 

also showed negative SI while reporting analcime precipitation. However, it is clear from the 

experimental data that, although the experiments had progressed into the albite stability field, 

analcime is the mineral that was detected.  

 

3.4.2. Albite Sanidine Dissolution in KHCO3 Solution 

Activity-activity diagrams projected for the zero log (aNa+/aH+) for this K-dominated 

experimental system in the K2O-Na2O-(Al2O3)-SiO2-H2O-CO2 system are shown in Fig. 10. The 

solution chemistry evolved from the muscovite stability field to the sanidine stability field after 

only 0.5 h. For the next 16 h, fluid chemistry moved horizontally in the sanidine field as the pH 

and aK+ (and hence their ratios) were buffered and silica activity increased with time. Thereafter, 

the fluid chemistry changed little from 16 to 848 h within the sanidine field, which is manifested 

on overlapping data points on the 2D diagram (Fig. 10a) and a straight vertical line on the 3D 

diagram (Fig. 10b). Alekseyev et al. (1997) observed that sanidine precipitated during this period 

of time. 

The solutions were undersaturated with respect to albite during the entire experiment and 

supersaturated with respect to sanidine after 1.25 h (Table 7 and Fig. 11a,b), shortly after the 
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solution chemistry entered into the sanidine field at 0.5 h. Alekseyev et al. (1997) observed no 

sanidine precipitation during this time period, and their analysis showed that albite dissolution 

was congruent. The solution was undersaturated with respect to muscovite during the time (0 – 

0.5 h) while the fluid composition was located in the muscovite stability field. After that, for the 

duration of the experiment, muscovite was either supersaturated (7 – 48 h) or undersaturated (all 

other times).  

Alekseyev et al. (1997) concluded that slow precipitation of secondary minerals 

dominated the overall reactions in these two experimental series. The relatively higher 

temperature (300 oC) in the experiments resulted in fast chemical evolution into the field of more 

stable phases, but a steady state was reached for the coupled dissolution – precipitation reactions 

(Fig. 8b, 10b), which prevailed during the majority of the experiments. Zhu et al. (2004a; 2004b) 

used reaction path modeling to show that such a steady state could be reached when the effective 

precipitation rate constants are much lower than the dissolution rate constants.  

  

4. DISCUSSION 

4.1. Uncertainties of Thermodynamic Properties on Calculated Saturation Indices 

 The calculated saturation states depend on the values of the standard state thermodynamic 

properties of both the minerals and aqueous species. Various internally consistent databases for 

thermodynamic properties for mineral species have been compiled (Helgeson et al., 1978; 

Berman, 1988; Berman, 1990; Robie and Hemingway, 1995; Holland and Powell, 1998). 

However, controversies and discrepancies still exist, particularly for the alumino-silicate 

minerals that are the primary focus of this study (see Pokrovskii and Helgeson, 1995; Arnórsson 

and Stefánsson, 1999). We chose to use the thermodynamic properties for mineral species from 
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Holland and Powell (1998) because this database is internally consistent and it has incorporated 

recent experimental data as compared to other databases. Thermodynamic properties for 

boehmite are not available from the Holland and Powell (1998) database, and are discussed in 

Appendix A. 

It is known that thermodynamic properties of minerals derived from calorimetric and 

phase equilibrium experiments rarely can predict experimental solubility results accurately 

(Sverjensky et al., 1991). The Holland and Powell thermodynamic properties for feldspars, 

kaolinite, and muscovite were derived from calorimetric and phase equilibrium measurements. 

However, Holland and Powell (1998) showed (their Fig. 2) that although the solubility data in 

the K2O-Al2O3-SiO2-H2O-HCl system reported by Sverjensky et al. (1991) were not used 

simultaneously together with phase equilibrium and calorimetric data in regressing 

thermodynamic properties for alumino-silicates, the off-sets of calculated phase stability fields 

from experimental data are small. This adds confidence to our calculated saturation indices for 

the K2O-Al2O3-SiO2-H2O-HCl system.  

The boundaries of mineral stability fields are sensitive to the free energies used in the 

construction of a–a diagrams (Zhu and Anderson, 2002). For example, a decrease of 1.2 kJ/mol 

of the o
fGΔ for boehmite would move the boehmite – kaolinite phase boundary to the right about 

0.13 unit of log aSiO2(aq) in Fig 2a. The adjusted o
fGΔ value of -919.6 kJ/mol is still within the 

uncertainties of the o
fGΔ values given by Hemingway et al. (1991) and McHale et al. (1997), and 

would fit to the kaolinite – boehmite phase equilibrium experiments by Hemley et al. (1980) 

better but fit the boehmite – andalusite phase equilibrium less well (see Appendix A). Likewise, 

the adjustment of 1.2 kJ/mol to o
fGΔ for boehmite would lead to an adjustment of 0.13 SI units 

for boehmite, which, however, is insufficient to change the nature of boehmite supersaturation, 
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as boehmite was one to two SI unit supersaturated in these sampled solutions (cf. Table 3). In 

other words, it would require an adjustment of 21.7 kJ/mol to o
fGΔ  for boehmite to be at 

equilibrium with the aqueous solution at 456 h in Fu et al.’s (2008) experiments. This conclusion 

also applies to the alkali feldspar experiments with CO2 (Table 4) and experiments by Murakami 

et al. (1998), which show boehmite supersaturation from one to two SI units (cf. Table 5). 

As discussed briefly earlier, to further test the validity of the conclusion that experimental 

solutions were supersaturated with respect to product minerals in the batch experiments that we 

have examined, we calculated saturation indices using different sets of thermodynamic properties 

for aqueous species and minerals, and different combinations of the two. The Electronic Annex 

of this paper shows the detailed results of these calculations. The conclusion of supersaturation 

of product minerals still holds for the batch experiments examined in this study. In other words, 

the calculated saturation states are valid with the known uncertainties of thermodynamic 

properties.  

 

4.2. Reaction Paths 

Lasaga (1998) showed, analytically, how the precipitation kinetics of secondary minerals 

is coupled to the rate of feldspar dissolution reaction. The kinetics of secondary mineral 

formation comes into play in the mass balance equations. Starting with the mass balance on Al 

and assuming the metastable coexistence of kaolinite and boehmite, we have,  
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where Ri is the net rate ( /d dtξ ) of dissolution of feldspar, boehmite, and kaolinite (Ri < 0 means 

precipitation). n denotes the moles of jth Al aqueous species and ξ  the overall progress variable 

(Helgeson, 1968). Equation (1) is equivalent to Lasaga’s (1998) Eqn. (1.235).  

If we expand the net rate expression and divide the right hand side by kfeld, we have, 
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where ki denotes the rate constant, Si the surface area, and ΔGi the Gibbs free energy of the 

reactions. )( iGf Δ signifies the relationship between rate and Gibbs free energy of reaction.  

Equation (2) shows the inter-dependence between the rate constants of feldspar 

dissolution and those of boehmite and kaolinite precipitation. The net feldspar dissolution rate is 

a function of ki/kfeld ratios. The smaller the ki/kfeld ratio, the slower feldspar dissolves, provided 

that all other quantities are kept the same. In fact, the experiments discussed in Section 3 showed 

that secondary minerals were several SI units supersaturated.  Zhu et al. (2004a; 2004b) explored 

the inter-connections numerically via reaction path modeling. When the effective rate constant 

ratios k*i/k*feld (defined as k × S) are in 10-2 to 10-4, slow clay precipitation became the limiting 

step, and the net feldspar dissolution rates are orders of magnitude slower than that at conditions 

at far from equilibrium.  

The batch experiment data and the modeling results shown in Section 3 of this 

communication are consistent with earlier numerical modeling predictions that secondary 

minerals are not at equilibrium with the fluid (Steefel and Van Cappellen, 1990; Lasaga, 1998). 

The slow-kinetic nature of secondary mineral precipitation was evident from both the fluid 

chemistry, which crossed the phase boundaries on the a–a diagrams, and from mineral product 

analysis, which show persistent boehmite presence even after the fluid chemistry had evolved 
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into the kaolinite and muscovite stability fields.   

Moreover, the analysis of time series fluid chemistry and mineral products, as depicted in 

the 3D a–a–t diagrams in this study, also revealed the temporal chemical evolution.  Feldspar 

dissolution quickly resulted in the precipitation of a secondary mineral, and the coupling effects 

of dissolution – precipitation commenced from that point on.  In other words, the time window 

for congruent feldspar dissolution is small in batch systems.  

 
4.3. Extrapolation to Natural Systems 

Natural systems differ from the laboratory experiments examined here mainly in two 

aspects. First, experimental results from batch systems cannot be applied directly to systems 

where advective and dispersive fluxes are significant. However, even in the case of fluid flow in 

a hydrological system flushed with fresh dilute water, the downstream water receives the solute 

fluxes from upstream, and the effects of supersaturation with respect to secondary minerals must 

be similar if the flow system has persisted for a while. These scenarios can be tested in a coupled 

reactive mass transport model in the future.  

Second, laboratory experiments are brief on the scale of geological time. It is therefore 

necessary to examine samples from geological systems. Assessments of SI in the field are 

difficult, however, because of the absence or difficulty of aluminum analyses, the complex 

chemistry and structures of clay minerals, and the lack of internally consistent thermodynamic 

properties for clay minerals with such complex chemistry and structures. Nevertheless, Kwicklis 

(2004) calculated SI values of alumino-silicate minerals in the volcanic tuff aquifer in southern 

Nevada in the vicinity of Yucca Mountain. While the groundwaters there are undersaturated with 

respect to albite, they are supersaturated with respect to smectite and Ca-clinoptilolite. The more 

meaningful aspect of his findings is probably the areal distribution of the SI values—the SI 
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values increase four to five fold southward along the groundwater flow from the Yucca Mountain 

and Fortymile Wash area to the Amargosa desert. These solubility-speciation modeling exercises 

are marred by the general problems with Al analysis and clay mineral properties discussed above, 

and specifically by the assumption of equilibrium between kaolinite and groundwaters. 

Nevertheless, the southward increase of SI for smectite and Ca-clinoptilolite along the flow path 

appears to support Kwicklis’s (2004) assertion that “silicate weathering reactions are providing 

ions to the groundwater faster than they can be removed by smectite precipitation.”  

 

5. CONCLUDING REMARKS 

Feldspars comprise over 50% of the volume of the earth’s crust. Establishing reliable 

rates for low-temperature feldspar dissolution is essential to quantify many basic geological and 

environmental processes. Among these are the functional relationship between silicate 

weathering and the global climate over geologic time (Berner and Berner, 1997), controls on 

surface and groundwater quality, global elemental cycling (Lasaga et al., 1994), the availability 

of inorganic nutrients in soils (Federer et al., 1989; Likens et al., 1998), impacts of acid mine 

drainage, neutralization of acid precipitation in watersheds (Drever and Clow, 1995), safety of 

nuclear waste repositories (Spycher et al., 2003), and geological carbon sequestration (White et 

al., 2003).  

The pioneering work by Helgeson and co-workers (Helgeson, 1968; Helgeson et al., 

1969; Helgeson and Murphy, 1983; Helgeson et al., 1984) to model feldspar hydrolysis as a 

process of coupled dissolution and precipitation reactions transformed the study of water-rock 

interactions into a quantitative science and opened up vast new fields of geochemistry in the 

following decades. The early model, however, assumed partial equilibria between the aqueous 
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solution and the secondary phases. Although the assumption of partial equilibrium has been 

questioned in the intervening years (Steefel and Van Cappellen, 1990; Nagy and Lasaga, 1993; 

Small, 1993; Lasaga et al., 1994; Alekseyev et al., 1997; Lasaga, 1998; Zhu et al., 2004a; Price et 

al., 2005; Zhu, 2006; Ganor et al., 2007), until now there has never been a rigorous examination 

of this hypothesis. Here, we systematically analyzed our own feldspar hydrolysis batch 

experiments (Fu et al., 2008) and those in the literature. We find three lines of experimental 

evidence that contradicts the partial equilibrium hypothesis in the feldspar-water system: 

saturation indices, reaction paths, and secondary mineral paragenesis.  However, we must 

emphasize that partial equilibria between secondary minerals and aqueous solutions may well 

exist for systems that involve rapidly precipitating secondary minerals (e.g., pyrite oxidation and 

precipitation of amorphous iron oxyhydroxides) or even for the feldspar-water system at higher 

temperatures and pressures.  

In the feldspar-water system, the slow kinetics of secondary mineral precipitation results 

in close inter-dependence of the dissolution and precipitation reaction rates (Steefel and Van 

Cappellen, 1990; Lasaga et al., 1994; Alekseyev et al., 1997; Lasaga, 1998), which, if clay 

precipitation rate constants are sufficiently slower than feldspar dissolution rate constant, could 

rationalize the well-known discrepancy between field feldspar dissolution (bulk, effective) rates 

and rates measured in laboratory dissolution experiments at conditions far from equilibrium (Zhu 

et al., 2004a). Field studies often focused on the dissolution rates only. However, as seen in the 

batch experiments examined by this study, the congruent dissolution stage in the closed systems 

is short, probably a matter of hours at 90 – 210 oC. A steady state or near steady state of aqueous 

chemistry for some constituents persisted as a consequence of the coupled dissolution and 

precipitation reactions. Zhu et al. (2004a) used a numerical reaction path model to show that 
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such a steady state can result if the effective rate constants of clay precipitation are orders of 

magnitude smaller than those of feldspar. Note that although the reaction Gibbs free energy 

effect on dissolution rates is a widely cited reason to explain the field – laboratory rate 

discrepancy, there is a need of a control that such a state of proximity to equilibrium can be 

maintained in natural systems for prolonged time and over long distance. Slow clay precipitation 

may serve this role.  

Clearly, interpretation of field based reaction rates needs to consider dissolution reactions 

within a network of dissolution – precipitation reactions. Future work should employ numerical 

modeling of reaction paths to match the experimental data and hence to quantitatively evaluate 

the inter-dependence of dissolution – precipitation reactions. However, the challenge is to 

measure precipitation rates and derive proper rate laws to describe precipitation processes. While 

the details may evolve over time (e.g., Al adsorption on feldspar surface as a retardation 

mechanism (Oelkers et al., 1994) and slow clay precipitation kinetics discussed here), the 

framework of modeling mass transfer in geological systems developed by Helgeson and co-

workers will continue to serve as the foundation for rigorous and quantitative geochemical 

predictions.  
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TABLES AND FIGURES 
 

Table 1a. Equilibrium constants used in this study (for the baseline case). 

Aqueous reactions 

25 oC 
1 bar 

90oC,    
1 bar 

150oC, 
Psat 

210oC, 
Psat 

200 oC, 
300 
bars 

Ref 

H2O = OH- + H+ -13.995 -12.422 -11.631 -11.242 -11.163 (1)
Al3+ + H2O = Al(OH)2+ + H+ -4.964 -3.248 -2.129 -1.265 -1.446 (2)
Al3+ + 2H2O = Al(OH)2

+ + 2H+ -10.921 -7.360 -5.045 -3.264 -3.63 (2)
Al3+ + 3H2O = Al(OH)3

o + 3H+ -17.044 -12.252 -9.168 -6.823 -7.301 (2)
Al3+ + 4H2O = Al(OH)4

- + 4H+ -22.851 -17.299 -13.747 -11.086 -11.572 (2)
Al3+ + Na+ + 4H2O = NaAl(OH)4

o + 4H+ -22.90 -16.941 -13.097 -10.153 -10.748 (2)
Al3+ + SiO2

o + 2H2O = AlH3SiO4
2+ + H+ -2.357 -0.276 1.026 2.001 1.86 (2)

Na+ + H2O = NaOHo + H+ -14.205 -12.561 -11.642 -11.047 -11.087 (3)
SiO2

o + H2O  = HSiO3
- + H+  -9.585 -9.016 -8.802 -8.860 -8.707 (3)

SiO2
o + Na+ + H2O = NaHSiO3

o + H+ -7.754 -7.748 -7.753 -7.829 -7.767 (3)
Ca2+ + H2O = CaOH+ + H+ -12.833 -10.433 -8.903 -7.757 -7.961 (3)
Acetate- + H+ = HAcetateo 
Acetate- + Na+ = NaAcetateo 
2Acetate- + Na+ = Na(Acetate)2

- 
Acetate- + Ca2+  = CaAcetate+ 
2Acetate- + Ca2+  = Ca(Acetate)2

o 
Acetate- + Al3+ = Al(Acetate)2+ 
2Acetate- +Al3+ = Al(Acetate)2

+ 
3Acetate- + Al3+ = Al(Acetate)3

o 

4.757
-0.103
-0.485
0.931

1.40
2.668

5.27
7.169

4.904
0.089

-0.361
1.259
1.937
2.405
4.322
5.296

5.195
0.428
0.246
1.822
3.013
2.606
4.429
5.138

5.599 

0.863 
1.078 
2.532 
4.398 
3.052 
5.083 
5.878 

(4)
(5)
(5)
(5)
(5)
(5)
(5)
(5)

K+ + H2O = KOHo + H+ -14.439 -12.584 -11.551 -10.885 -10.939 (3)
Cl- + Ca2+ = CaCl+ -0.292  1.146 (3)
2Cl- + Ca2+ = CaCl2

o -0.644  0.672 (3)
H+ + Cl- = HClo -0.710  -0.15 (6)
K+ + Cl- = KClo  0.456 (7)
Na+ + Cl- = NaClo -0.777  0.019 (3)
HCO3

- + H+ = CO2 + H2O   6.345 6.343 6.724 7.305 (3)
HCO3

- = CO3
2- + H+ -10.329 -10.082 -10.2 -10.534 (3)

Mineral dissolution reactions  
NaAlSi3O8 (Albite) + 4H+ = Al3+ + Na+ + 3SiO2

o + 2H2O 2.065 -0.057 -1.713 -3.02 -2.508 (8)
NaAlSi2O7H2 (Analcime) + 4H+ = Al3+ + Na+ + 2SiO2

o +3H2O   6.391 3.464 1.417 -0.155 (8)
CaAl2Si2O8 (Anorthite) + 8H+  = 2Al3+ + Ca2+ + 4H2O + 2SiO2

o 23.68 14.260 7.819 2.739 4.042 (8)
AlO2H (Boehmite) +3H+ = Al3+ + 2H2O 7.610 4.023 1.660 -.198 .242 (9)
AlO2H (Diaspore) +3H+ = Al3+ + 2H2O 7.191 3.7 1.401 -0.407 0.02 (8)
Al2Si2O5(OH)4 (Kaolinite) + 6H+ = 2Al3+ + 2SiO2

o + 5H2O 4.501 -0.254 -3.535 -6.119 -5.354 (8)
KAlSi3O8 (Microcline) + 4H+ = Al3+ + K+ + 3SiO2

o + 2H2O -1.05 -2.301 -3.434 -4.377 -3.923 (8)
KAl3Si3O10(OH)2 (Muscovite) + 10H+ = K+ + 3Al3+ + 3SiO2

o + 6H2O 11.22 3.297 -2.250 -6.687 -5.407 (8)
NaAl3Si3O10(OH)2 (Paragonite) + 10H+ = Na+ + 3Al3+ + 3SiO2

o + 6H2O  14.397 5.687 -0.328 -5.084 -3.753 (8)
Al2Si4O10(OH)2 (Pyrophyllite) + 6H+ = 2Al3+ + 4H2O + 4SiO2

o -1.724 -5.394 -8.234 -10.549 -9.733 (8)
SiO2 (Quartz) = SiO2

o -4.047 -3.204 -2.752 -2.414 -2.424 (8)
KAlSi3O8 (Sanidine) + 4H+ = Al3+ + K+ + 3SiO2

o + 2H2O -0.002 -1.571 -2.911 -4.009 (8)
KAlSiO4 (Kalsilite) + 4H+ = K+ + Al3+ + SiO2

o + 2H2O 12.543  (8)
NaAlSiO4 (Nepheline) + 4H+ = K+ + Al3+ + SiO2

o
  + 2H2O 13.423  (8)

(1) Haar et al. (1984); (2) Tagirov and Schott (2001); (3) Sverjensky et al. (1997); (4) Shock et al. (1995); (5) Shock 
and Koretsky (1993); (6) McCollom and Shock (1997); (7) Ho et al. (2000); (8) Holland and Powell (1998) for 
minerals and (1), (2), and (3) for aqueous species; (9) Hemingway et al. (1991) for boehmite. 
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Table 1b. Different sets of thermodynamic properties for aqueous and mineral species for 
used calculations of saturation indices§ 

Notation A B C BL=baseline case 

Aqueous 
species 

Al-bearing species and 
NaOHo from 
Pokrovskii and 
Helgeson (1995);  
 
All other species from 
Sverjensky et al. 
(1997) and those 
internally consistent to 
Sverjensky et al. 
(1997) in earlier 
Helgeson and co-
workers’ publications.   

Al-bearing species, 
from Shock et al. 
(1997);  
 
 
All other species from 
Sverjensky et al. (1997) 
and those internally 
consistent to 
Sverjensky et al. (1997) 
in earlier Helgeson and 
co-workers’ 
publications.   

Al-bearing species, 
from Shock et al. 
(1997);  
 
 
All other species 
from Sverjensky et 
al. (1997) and those 
internally consistent 
to Sverjensky et al. 
(1997) in earlier 
Helgeson and co-
workers’ 
publications.   

Al-bearing species from 
Tagirov and Schott 
(2001); KClo from Ho 
et al. (2000);  
 
All other species from 
Sverjensky et al. (1997) 
and those internally 
consistent to 
Sverjensky et al. (1997) 
in earlier Helgeson and 
co-workers’ 
publications.   

Minerals 

Al oxyhydroxides from 
Pokrovskii and 
Helgeson  (1995); all 
others from Helgeson 
et al. (1978) 

Helgeson et al. (1978)  Holland and Powell  
(1998) 
 

Holland and Powell  
(1998); Boehmite from 
Hemingway et al. 
(1991) 

§Equilibrium constants, corresponding to those listed in Table 1a for the baseline case, are listed 
in the Electronic Annex.   
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Table 2. Summary of feldspar dissolution experiments used in this study 
Mineral Reactant SA (1) 

(m2/g) 
Initial  
pH 

Solution 
Chemistry 

T oC, P 
bar (2) 

Reaction 
time (hrs) 

secondary minerals Reference 

Alkali-feldspar 
(35% low albite; 60% 
orthoclase; 5% quartz) 

0.132 3.1 0.20 m KCl  200, 
300 

1872  Boehmite + Kaolinite Fu. et al. 
(2008) 

Alkali-feldspar 
(35% low albite; 60% 
orthoclase; 5% quartz) 

0.132 4.0 0.20 m KCl + 
0.05 m  CO2 

200, 
300 

648 Boehmite + Kaolinite Appendix B 

Anorthite 0.00333 
(m2/L) 

4.69 
4.97 
5.4 

0.3 m NaAc + 
HAc 

90 
150 
210 

8520 
2160 
3960 

Bhm + Mod.  Bhm(3) 

Bhm + Mod.  Bhm(3) 

Bhm + Mod.  Bhm(3) + 
Kaolinite 

Murakami et 
al. (1998) 

Low albite 0.12 9.0 0.1 m KHCO3 300, 88 1848 Sanidine Alekseyev et 
al.  

Sanidine 0.14  0.1 m NaHCO3    Analcime (1997) 
(1) SA stand for specific surface area; (2) T oC, P bar refer temperature and pressure; (3) Bhm and Mod. Bhm refer 
to boehmite and modified boehmite, respectively, as reported in Murakami et al. (1998). 
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Table 3. Mineral saturation indices at each sampling time in experiments for the alkali feldspar 
dissolution in 0.2 m KCl solution at 200 oC and 300 bars†. 

     †Solution chemistry data are from (Fu et al., 2008). The parentheses on time in the 
first column on left denote to the time that the experiment was terminated and solids were 
recovered for characterization. In situ pH was calculated from the speciation modeling. 

 
 
 
 

 
Table 4. Mineral saturation indices at each sampling time in experiments for the alkali feldspar 

dissolution in 0.2 m KCl and 0.05 m CO2 solution at 200 oC and 300 bars†. 
 
Time (h) In situ pH   Albite Boehmite Diaspore Kaolinite Microcline Muscovite Paragonite Pyrophyllite  Quartz 

24 4.9 -5.13  1.18  1.40 1.43 -0.88 3.44 -1.04  -0.96 -0.96 
(120) 5.0 -2.41  0.87  1.09 2.18 0.99 4.69 1.06  1.19 -0.27 

144 5.1 -2.85  1.00  1.22 2.42 1.16 5.13 0.88  1.38 -0.29 
312 5.6 -1.94  0.83  1.05 2.25 1.75 5.37 1.44  1.39 -0.20 
480 5.7 -1.22  1.21  1.43 3.05 2.30 6.68 2.93  2.23 -0.18 

(648) 5.7 -1.17  1.38  1.61 3.43 2.51 7.25 3.33  2.63 -0.16 
†See solution analytical data in Appendix B. The parentheses on time in the first column 
on left denote to the time that the experiment was terminated and solids were recovered 
for characterization. In situ pH was calculated from the speciation modeling. 

 
 
 

Time (h) In situ pH Albite Boehmite Diaspore Kaolinite Microcline Muscovite Paragonite Pyrophyllite Quartz 
24 3.3 -6.80 1.23 1.45 1.30 -2.75 1.67 -2.62 -1.30 -1.07

(120) 3.4 -4.80 0.93 1.15 1.96 -1.08 2.75 -1.22 0.61 -0.44
216 3.6 -4.37 0.90 1.13 2.01 -0.75 3.02 -0.83 0.75 -0.39
456 3.7 -2.33 2.40 2.62 5.13 1.02 7.79 4.20 3.99 -0.33
816 4.0 -2.66 2.11 2.33 4.34 0.75 6.93 3.28 3.02 -0.43

1368 4.5 -1.02 1.47 1.69 4.05 2.07 6.98 3.65 3.71 0.06
(1872) 4.8 -2.36 0.26 0.48 1.53 1.02 3.50 -0.12 1.09 0.01
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Table 5. Mineral saturation indices in the experiments for anorthite dissolution in 0.03 M NaAc 
and HAc solutions†  

 T  (h) Product 
minerals‡ 

pH (in 
situ) albite anorthite boehmite kaolinite paragonite pyrophyllite quartz

72 b   4.71 -4.88 -7.02 2.54 3.68 2.55 -0.88 -1.65
240 b   4.63 -1.86 -4.27 3.52 6.94 7.36 3.67 -1.00
720 b   4.67 -0.11 -1.33 3.61 8.25 9.37 6.13 -0.43

2160  mb  4.65 -0.48 -3.26 2.08 5.95 5.89 4.59 -0.05
3816  mb  4.69 0.49 -1.24 2.98 7.84 8.76 6.55 -0.01

90oC 

8520  mb  4.72 0.59 -1.30 2.73 7.58 8.40 6.54 0.12
72 b   4.98 -2.73 -3.78 1.23 2.20 1.67 -0.21 -0.80

240 b   4.92 0.25 0.83 2.91 6.45 7.98 4.93 -0.36
720  mb  4.93 1.02 1.72 3.02 7.11 8.98 6.02 -0.14

150oC 

2160  mb  4.99 0.48 0.13 1.88 5.21 6.19 4.50 0.05
72 b?   5.31 -1.94 -1.86 0.72 1.09 1.17 -0.55 -0.62

240  mb  5.30 -0.71 -0.19 1.19 2.54 3.33 1.41 -0.37
816  mb  5.36 -0.39 0.23 1.21 2.74 3.69 1.77 -0.29

2328  mb k 5.36 -0.14 0.37 1.08 2.73 3.67 2.02 -0.16

210o 

C 

3960  mb k 5.47 0.15 0.71 0.99 2.74 3.80 2.21 -0.07
 †Solution chemistry experimental data from Murakami et al. (1998); ‡Product minerals 

observed by Murakami et al. (1998) “b” stands for boehmite; “mb” for modified 
boehmite; “k” for kaolinite. In situ pH was calculated from the speciation modeling 
performed in this study. 
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Table 6. Mineral saturation indices in each batch experiment for sanidine dissolution in 0.1 m 
NaHCO3 solution at 300 oC and 88 bars† 

t, h Sanidine Analcime Albite Quartz Boehmite Kaolinite Muscovite Paragonite Pyrophyllite Kalsilite Nepheline 

0 -4.66 -2.14 -2.86 -1.29 -2.37 -7.01 -7.52 -6.22 -9.44 -4.71 -2.12
0.25 -4.19 -1.86 -2.59 -1.29 -2.10 -6.46 -6.51 -5.40 -8.89 -4.24 -1.85

0.5 -3.45 -1.42 -1.95 -1.09 -2.04 -5.95 -5.66 -4.64 -8.00 -3.89 -1.60
0.75 -2.92 -1.04 -1.48 -1.01 -1.82 -5.34 -4.68 -3.73 -7.22 -3.53 -1.30

1 -2.41 -0.72 -1.04 -0.88 -1.76 -4.96 -4.04 -3.16 -6.58 -3.27 -1.11
1.25 -2.46 -0.76 -1.11 -0.90 -1.75 -5.00 -4.08 -3.22 -6.67 -3.27 -1.13

1.5 -2.18 -0.59 -0.88 -0.85 -1.70 -4.77 -3.69 -2.88 -6.32 -3.11 -1.02
2 -1.88 -0.42 -0.62 -0.76 -1.69 -4.59 -3.38 -2.62 -5.98 -2.98 -0.93

2.5 -1.97 -0.48 -0.7 -0.79 -1.70 -4.66 -3.48 -2.71 -6.09 -3.01 -0.96
3 -1.63 -0.27 -0.43 -0.72 -1.61 -4.35 -2.97 -2.26 -5.66 -2.80 -0.81

3.5 -1.64 -0.28 -0.45 -0.74 -1.60 -4.36 -2.96 -2.26 -5.69 -2.79 -0.81
4 -1.24 -0.04 -0.13 -0.65 -1.54 -4.05 -2.42 -1.81 -5.21 -2.56 -0.66
5 -1.09 0.04 -0.02 -0.63 -1.49 -3.92 -2.18 -1.61 -5.04 -2.45 -0.60
6 -1.12 -0.00 -0.09 -0.65 -1.49 -3.97 -2.22 -1.69 -5.13 -2.44 -0.62
7 -1.05 0.02 -0.03 -0.61 -1.54 -3.99 -2.25 -1.72 -5.08 -2.45 -0.63

Analcime started to precipitate 
16 -0.57 0.33 0.38 -0.51 -1.44 -3.58 -1.58 -1.11 -4.46 -2.18 -0.44
24 -0.56 0.24 0.32 -0.49 -1.58 -3.82 -1.83 -1.46 -4.66 -2.20 -0.54
48 -0.53 0.21 0.27 -0.50 -1.59 -3.87 -1.83 -1.52 -4.73 -2.15 -0.56
72 -0.57 0.07 0.13 -0.51 -1.73 -4.17 -2.14 -1.94 -5.05 -2.17 -0.69

120 -0.66 -0.11 -0.04 -0.50 -1.96 -4.59 -2.69 -2.57 -5.45 -2.29 -0.88
168 -0.75 -0.19 -0.11 -0.48 -2.06 -4.78 -2.99 -2.85 -5.60 -2.4 -0.98
216 -0.57 -0.02 0.06 -0.49 -1.88 -4.42 -2.45 -2.31 -5.25 -2.22 -0.80
288 -0.68 -0.16 -0.07 -0.47 -2.07 -4.76 -2.93 -2.81 -5.55 -2.36 -0.96
360 -0.73 -0.33 -0.20 -0.44 -2.31 -5.18 -3.45 -3.42 -5.91 -2.47 -1.16
504 -0.69 -0.34 -0.20 -0.42 -2.36 -5.25 -3.52 -3.53 -5.96 -2.46 -1.19
672 -0.86 -0.52 -0.40 -0.45 -2.50 -5.58 -3.97 -4.01 -6.33 -2.59 -1.34
840 -0.91 -0.58 -0.47 -0.45 -2.57 -5.72 -4.17 -4.22 -6.47 -2.64 -1.41

1008 -1.01 -0.63 -0.52 -0.45 -2.60 -5.78 -4.32 -4.32 -6.54 -2.73 -1.45
1176 -0.94 -0.56 -0.45 -0.45 -2.53 -5.64 -4.10 -4.11 -6.40 -2.65 -1.38
1344 -0.91 -0.59 -0.48 -0.45 -2.58 -5.74 -4.17 -4.25 -6.50 -2.62 -1.41
1512 -0.93 -0.57 -0.46 -0.45 -2.53 -5.65 -4.11 -4.13 -6.42 -2.64 -1.38
1680 -0.93 -0.59 -0.47 -0.45 -2.57 -5.72 -4.18 -4.22 -6.47 -2.65 -1.41
1848 -0.94 -0.59 -0.48 -0.45 -2.57 -5.72 -4.19 -4.22 -6.48 -2.66 -1.41
†Experiments conducted by Alekseyev et al. (1997). SI values were calculated in this study using 
their solution chemistry data.  
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Table 7. Mineral saturation Indices in each batch experiment for albite dissolution in 0.1 m 
KHCO3 solution at 300 oC and 88 bars† 

t, h Albite Sanidine Microcline Boehmite Kaolinite Muscovite Paragonite Pyrophyllite Quartz Kalsilite Nepheline

0 -7.50 -4.08 -3.89 -2.49 -8.49 -7.17 -11.1 -12.2 -1.92 -2.87 -5.50
0.25 -5.18 -1.99 -1.79 -2.13 -6.62 -4.37 -8.05 -9.15 -1.34 -1.93 -4.34

0.5 -4.09 -0.99 -0.79 -1.86 -5.59 -2.83 -6.43 -7.64 -1.09 -1.43 -3.74
0.75 -3.20 -0.24 -0.05 -1.63 -4.78 -1.62 -5.07 -6.48 -0.92 -1.02 -3.19

1 -3.15 -0.21 -0.02 -1.64 -4.78 -1.60 -5.03 -6.45 -0.91 -1.02 -3.17
1.25 -3.14 -0.22 -0.03 -1.64 -4.78 -1.61 -5.03 -6.46 -0.91 -1.02 -3.15

1.5 -2.61 0.23 0.43 -1.51 -4.30 -0.9 -4.24 -5.76 -0.8 -0.79 -2.85
2 -2.33 0.47 0.67 -1.46 -4.08 -0.56 -3.86 -5.41 -0.74 -0.68 -2.69

2.5 -2.37 0.45 0.64 -1.48 -4.12 -0.63 -3.95 -5.45 -0.74 -0.7 -2.73
3 -2.23 0.56 0.75 -1.41 -3.96 -0.38 -3.67 -5.26 -0.72 -0.62 -2.62

3.5 -2.19 0.55 0.75 -1.45 -4.00 -0.45 -3.69 -5.29 -0.71 -0.64 -2.60
4 -2.20 0.56 0.76 -1.46 -4.01 -0.46 -3.72 -5.28 -0.71 -0.64 -2.62
5 -1.88 0.84 1.03 -1.36 -3.70 0.00 -3.21 -4.85 -0.65 -0.49 -2.42
6 -2.02 0.69 0.89 -1.40 -3.85 -0.22 -3.43 -5.07 -0.68 -0.56 -2.49
7 -1.81 0.88 1.08 -1.36 -3.67 0.04 -3.14 -4.8 -0.63 -0.48 -2.38

16 -1.70 0.99 1.19 -1.37 -3.60 0.148 -3.04 -4.65 -0.59 -0.44 -2.35
Sanidine started to precipitate 

24 -1.63 1.06 1.25 -1.35 -3.54 0.24 -2.94 -4.55 -0.58 -0.41 -2.31
48 -1.83 0.87 1.06 -1.37 -3.69 0.019 -3.17 -4.82 -0.63 -0.48 -2.39
72 -1.93 0.77 0.96 -1.40 -3.80 -0.15 -3.34 -4.98 -0.66 -0.54 -2.44

120 -1.87 0.76 0.96 -1.42 -3.83 -0.18 -3.31 -5 -0.66 -0.55 -2.39
168 -1.79 0.86 1.05 -1.42 -3.76 -0.09 -3.23 -4.87 -0.62 -0.52 -2.37
216 -1.78 0.83 1.02 -1.37 -3.72 -0.02 -3.13 -4.88 -0.65 -0.49 -2.32
288 -1.69 0.84 1.03 -1.39 -3.75 -0.06 -3.09 -4.89 -0.64 -0.5 -2.25
360 -1.72 0.76 0.95 -1.42 -3.85 -0.2 -3.17 -5.03 -0.66 -0.54 -2.23
504 -1.55 0.72 0.92 -1.45 -3.93 -0.3 -3.07 -5.13 -0.67 -0.56 -2.05
672 -1.44 0.74 0.94 -1.46 -3.93 -0.29 -2.96 -5.13 -0.67 -0.55 -1.94
840 -1.40 0.67 0.86 -1.51 -4.07 -0.48 -3.04 -5.29 -0.68 -0.59 -1.88

1008 -1.51 0.50 0.69 -1.52 -4.20 -0.65 -3.15 -5.55 -0.74 -0.64 -1.86
1176 -1.44 0.55 0.74 -1.50 -4.15 -0.57 -3.06 -5.47 -0.73 -0.61 -1.81
1344 -1.44 0.49 0.68 -1.56 -4.28 -0.74 -3.17 -5.62 -0.74 -0.65 -1.79
1512 -1.43 0.50 0.70 -1.54 -4.24 -0.69 -3.13 -5.58 -0.74 -0.64 -1.79
1680 -1.46 0.43 0.62 -1.57 -4.35 -0.83 -3.22 -5.72 -0.76 -0.68 -1.78
1848 -1.43 0.47 0.67 -1.56 -4.30 -0.76 -3.16 -5.65 -0.75 -0.65 -1.77
†Experimental data from by Alekseyev et al. (1997). SI values were calculated in this study using 
their solution chemistry data.  
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Fig. 1. Reaction path the dissolution of microcline in pure water at 25 oC. (a) equilibrium 
activity-activity diagram; (b) calculated mineral saturation indices; and (c) mineral abundance 
versus time. Thermodynamic data were from  Table 1a, except for gibbsite (Robie and 
Hemingway, 1995). A linear rate law with a rate constant of 10-12 mol m-2 s-1 for microcline was 
used.  

Point number Time (y) Kaolinite Microcline Muscovite Gibbsite Quartz 
1 0.002 -4.21 -15.04 -11.85 0 -3.54
2 0.277 0 -5.61 -2.42 0 -1.43
3 0.404 0 -5.29 -2.10 0 -1.43
4 1.426 0 -3.24 -1.05 -0.50 -0.93
5 6.133 0 -1.08 0 -1.05 -0.38
6 11.472 0 -0.57 0 -1.31 -0.12
7 18.395 -0.12 -0.20 0 -1.49 0
8 31.710 -0.25 -0.08 0 -1.56 0
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Fig. 2. Activity – activity diagrams showing the phase relations in the system K2O-(Al2O3)-SiO2-
H2O-HCl at 200 °C and 300 bars. The dashed line in (a) denotes quartz saturation. Symbols 
represent experimental results of alkali feldspar dissolution in 0.2 m KCl solution at 200 °C and 
300 bars (Fu et al., 2008, see Sec. 3.1). The activity and activity ratios were obtained from 
speciation modeling of the experimental system Na2O-K2O-Al2O3-SiO2-H2O-HCl, based on the 
experimental solution chemistry data of Fu et al. (2008) and equilibrium constants listed in Table 
1a. Points 1 through 7 represent experiment solutions at reaction time of 24, 120, 216, 456, 816, 
1368, and 1872 h, respectively. The red dashed line in (b) connecting experimental data is for 
visualization of fluid chemical evolution.  
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Fig. 3.  Mineral saturation indices during the course of alkali feldspar dissolution in 0.2 m KCl 
solution at 200 oC and 300 bars (Fu et al., 2008, see Sec. 3.1). “BL” (baseline case, Table 1a), 
and “A”, “B”, and “C” stand for calculated SI using thermodynamic datasets as described in 
Table 1b. Vertical errors bars represent the uncertainty from the o

fHΔ  at 25 oC alone. The gray 
shaded areas highlight mineral supersaturation. 
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Fig. 4. Activity – activity diagrams showing the phase relations in the system K2O-(Al2O3)-SiO2-
H2O-HCl at 200 °C and 300 bars. The dashed line in (a) denotes quartz saturation. Solid dots 
represent experimental results of alkali feldspar dissolution in 0.2 m KCl and 0.05 m CO2 
solution at 200 °C and 300 bars (cf. Sec. 3.2 and Appendix B). The activity and activity ratios 
were obtained from speciation modeling of the experimental system Na2O-K2O-Al2O3-SiO2-
H2O-HCl-CO2, based on the experimental solution chemistry data in Appendix B and 
equilibrium constants listed in Table 1a.The red dashed line in (b) connecting experimental data 
is for visualization of fluid chemical evolution.  
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Fig. 5.  Mineral saturation indices during the course of alkali feldspar dissolution in 0.2 m KCl 
and 0.05 m CO2 solution at 200 oC and 300 bars (cf. Sec. 3.2. and Appendix B). “BL” (baseline 
case, Table 1a), and “A”, “B”, and “C” stand for calculated SI using thermodynamic datasets as 
described in Table 1b. Vertical errors bars represent the uncertainty from the o

fHΔ  at 25 oC alone. 
The gray shaded areas highlight mineral supersaturation. 
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(Fig. 6 to be continued on the next page) 
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(Continued from the previous page) 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Activity – activity diagrams showing the phase relations in the system Ca2O-(Al2O3)-
SiO2-H2O at 90 oC (a,b), 150 oC (c,d), and 210 oC (e,f) and pressures of vapor saturation. The 
dashed lines in (a, c, e) denote quartz saturation. Solid dots represent experimental results of 
anorthite dissolution in 0.03 m NaAc solutions, which were published in Murakami et al. (1998). 
The activity and activity ratios were obtained from speciation modeling of the experimental 
system Ca2O-Al2O3-SiO2-H2O-HAc-NaAc, based on the experimental solution chemistry data 
from Murakami et al. (1998) and equilibrium constants listed in Table 1a.The red dashed lines in 
(b, d, f) connecting experimental data are for visualization of fluid chemical evolution.  
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Fig. 7a. Calculated saturation indices for anorthite dissolution experiments (Murakami et al., 
1998) at 90 oC. “BL” (baseline case, Table 1a), and “A”, “B”, and “C” stand for calculated SI 
using thermodynamic datasets as described in Table 1b. Vertical errors bars represent the 
uncertainty from the o

fHΔ  at 25 oC alone. The shaded areas highlight mineral supersaturation.  
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And Fig. 7b. Calculated saturation indices for anorthite dissolution experiments (Murakami et 
al., 1998) at 150 oC. “BL” (baseline case, Table 1a), and “A”, “B”, and “C” stand for calculated 
SI using thermodynamic datasets as described in Table 1b. Vertical errors bars represent the 
uncertainty from the o

fHΔ  at 25 oC alone. And if things The shaded areas highlight mineral 
supersaturation.  
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Fig. 7c. Calculated saturation indices for anorthite dissolution experiments (Murakami et al., 
1998) at 210 oC. “BL” (baseline case, Table 1a), and “A”, “B”, and “C” stand for calculated SI 
using thermodynamic datasets as described in Table 1b. Vertical errors bars represent the 
uncertainty from the o

fHΔ  at 25 oC alone. The shaded areas highlight mineral supersaturation.  
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Fig. 8. Activity-activity diagrams showing phase relations in the system Na2O-(Al2O3)-SiO2-H2O 
at 300 °C and 88 bars. Symbols represent results from experiments conducted by Alekseyev et al. 
(1997) for sanidine dissolution in 0.1 m NaHCO3 solutions. The dashed line in (a) denotes quartz 
saturation. Activity and activity ratios were obtained from speciation modeling in the system 
K2O-Na2O-(Al2O3)-SiO2-H2O-CO2 based on solution chemistry data from Alekseyev et al. (1997) 
and values of log K listed in Table 1a.   
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Fig. 9.  Calculated saturation indices (SI) from experimental data for sanidine dissolution in 0.1 
m NaHCO3 solutions at 300 °C and 88 bars. “BL” (baseline case, Table 1a), and “A”, “B”, and 
“C” stand for calculated SI using thermodynamic datasets as described in Table 1b. Vertical 
errors bars represent the uncertainty from the o

fHΔ  at 25 oC alone. The gray shading areas 
highlight mineral supersaturation. Experimental data from Alekseyev et al. (1997).  
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Fig. 10. Activity-activity diagrams showing phase relations in the system K2O-(Al2O3)-SiO2-H2O 
at 300 °C and 88 bars. Symbols represent results from experiments conducted by Alekseyev et al. 
(1997) for albite dissolution in 0.1 mKHCO3 solutions. The dashed line in (a) denotes quartz 
saturation. Activity and activity ratios were obtained from speciation modeling in the system 
K2O-Na2O-Al2O3-SiO2-H2O-CO2 based on solution chemistry data from Alekseyev et al. (1997) 
and log K listed in Table 1a.   
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Fig. 11.  Calculated saturation indices (SI) from experimental data for albite dissolution in 0.1 m 
KHCO3 solutions at 300 °C and 88 bars. “BL” (baseline case, Table 1a), and “A”, “B”, and “C” 
stand for calculated SI using thermodynamic datasets as described in Table 1b. Vertical errors 
bars represent the uncertainty from the o

fHΔ  at 25 oC alone. The gray shading areas highlight 
mineral supersaturation. Experimental data from Alekseyev et al. (1997).  
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APPENDIX A. DISCUSSION OF THERMODYNAMIC PROPERTIES 

A.1. Thermodynamic Properties for Boehmite 

The only aluminum oxyhydroxide mineral listed in the Holland and Powell (1998) 

database is diaspore. However, boehmite was detected in the experiments that we examined in 

this study (Murakami et al., 1998; Fu et al., 2008). Here, we adopted the heat capacity, entropy, 

and enthalpy of formation for boehmite from Hemingway et al. (1991). The experimental heat 

capacity values were fitted to the Holland and Powell heat capacity function. Hemingway et al. 

(1991) derived their ΔHo
f of -996.4 ± 2.2 kJ/mol from their third-law entropy measurements and 

solubility data in alkaline solutions taken from the literature. Hemingway et al.’s (1991) ΔHo
f 

was used by Tagirov and Schott (2001) in their derivation of Al hydrolysis constants (see below). 

Later, McHale et al. (1997) measured calorimetrically a ΔHo
f of -995.4 ± 1.6 kJ/mol. These two 

values are within each other’s experimental errors. Note that the solubility-based ΔGo
f proposed 

by Hemingway et al. (1991) is only half to one kJ/mol different from those of Boucier et al. 

(1993) and Pokrovskii and Helgeson (1995), who also derived ΔGo
f for boehmite from solubility 

data (Table A1).  

To examine the consistency of these adopted thermodynamic properties for boehmite 

with the rest of the Holland and Powell (1998) database, we compared the calculated phase 

boundary against the kaolinite-boehmite experimental data of Hemley et al. (1980) and Hemley’s 

andalusite-boehmite experiment reported by Helgeson et al. (1978, p.114) (Fig. A1). Hemley et 

al. (1980) warned that the scattering of the kaolinite-boehmite at low temperatures might have 

resulted from boehmite being metastable and being re-crystallized to diaspore. For this reason, 

we also calculated the diaspore-kaolinite boundary (the dashed line). The comparison shows that 
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most experimental data match more closely to the diaspore-kaolinite equilibrium curve than to 

the boehmite-kaolinite equilibrium curve although experiments with lower SiO2 concentrations 

match with the boehmite-kaolinite equilibrium curve. The maximum discrepancies between the 

experimental and calculated boehmite – kaolinite boundary are about 0.25 – 0.3 log unit of 

aSiO2
o

(aq).  

No detailed description of the boehmite-andalusite experiment was given, but the one 

experimental datum matches the calculation. These comparisons demonstrate that the adopted 

boehmite thermodynamic properties are approximately consistent with other Al-bearing minerals 

in Holland and Powell (1998) in the temperature and pressure range of our interest. Note that 

Holland and Powell (1998) have included other phase equilibrium experiment data of Hemley et 

al. (1980) in their derivation of ΔHo
f values for diaspore, kaolinite, andalusite, and pyrophyllite.   

 

A.2. Thermodynamic Properties for Aqueous Al Species 

Various competing Al hydrolysis constants and Al-metal complexes were proposed at the 

temperatures and pressures of our interest (among them: Apps and Neil, 1990; Bourcier et al., 

1993; Pokrovskii and Helgeson, 1995; Shock et al., 1997; Tagirov and Schott, 2001). Table A2 

lists the ΔGo
f, ΔHo

f, and So
f for aqueous aluminum species recommended by various authors. 

Table A3 lists the log K for aluminum hydrolysis constants (different forms were converted to the 

same formulae). From these two tables, we can see that large differences exist for log K values 

from different sources.  

We adopted the species and equilibrium constants from Tagirov and Schott (2001) 

because their constants are consistent with the latest boehmite solubility measurements 

(Bénézeth et al., 1997; Bénézeth et al., 2001; Palmer et al., 2001) and at the same time,  they 
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adopted the Hemingway et al. (1991) thermodynamic properties for boehmite, which we also 

adopted. Thus, the calculated saturation indices for boehmite should be consistent with the 

knowledge of boehmite solubilities in the temperature and pressure range of our interest.  

As suspected, our calculations show that Al speciation is dependent on pH, solution 

chemistry, and temperature (Fig. A2 – A4). For the experiments of alkali feldspar dissolution in 

KCl solution at 200 oC and 300 bars (Sec. 3.1), the dominant Al species are Al(OH)2
+, Al(OH)2+, 

Al(OH)3°(aq), and AlH3SiO4
2+ at pH 3.3 – 4.0, and Al(OH)4

- and Al(OH)3°(aq) at pH 4.5-4.8 (Fig. 

A2a). Thus, the Al aqueous complex AlH3SiO4
2+ proposed by Tagirov and Schott (2001) is an 

important Al species at the early stage of the experiment when pH was below 4.0. The omission 

of this species would result in higher calculated SI values for boehmite, kaolinite, muscovite, and 

feldspars. For the experiment of alkali feldspar dissolution in 0.2 m KCl and 0.05 m CO2 

solution at 200 °C and 300 bars (Sec. 3.2), the pH varied from 4.9 at the start of the experiment 

to 5.7 at the end of the experiment. The dominant species is Al(OH)4
-, with less than 10% as 

Al(OH)3°(aq) at the early stage of the experiment (Fig. A2b). Arnórsson and Stefánsson (1999) 

argue that the thermodynamic properties for A(OH)4
- is well known.  

For the anorthite dissolution experiments published by Murakami et al. (1998) (Sec. 3.3), 

the dominant species are Al(OH)2
+, Al(OH)2+, Al(OH)3°(aq), Al(OH)4

-, but AlH3SiO4
2+ comprises 

of about 10% of the Al species at 90 oC. The Al-acetate complexes, although included in the 

speciation model, only make up <5% of the total. The calculated in situ pH was about 4.7 at 90 

oC. The experiments at 150 oC had pH around 5.0, and the dominant Al species are Al(OH)3°(aq) 

and Al(OH)4
-. The Na-Al complex proposed by Tagirov and Schott (2001) comprises about 5% 

of total Al species, which does not significantly affect the calculated SI values. The experiments 

at 210 oC had pH around 5.4 and the dominant species is Al(OH)4
-. Neither Al-Na complex or 
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Al-acetate complexes are significant. As mentioned earlier, calculated SI values for anorthite are 

>0 for the baseline thermodynamic dataset (Fig. 7) while Murakami et al. (1998) demonstrated 

continued anorthite dissolution. Using the thermodynamic properties from Helgeson et al. (1978) 

would result in anorthite undersaturation (Fig. 7). There is a difference of >16 kJ/mol for the 

standard enthalpy of formation at 25 oC and 1 bar between those values chosen by Helgeson et al. 

(1978) and by Holland and Powell (1998). Arnórsson and Stefánsson (1999) also showed that the 

temperature variation of the anorthite solubility can also differ significantly when different sets 

of thermodynamic properties are used. These problems, however, seem to rest with the anorthite 

properties and should affect our conclusions of secondary mineral supersaturation.  

For the sanidine dissolution in 0.1 m NaHCO3 solution at 300 oC and 88 bars, 

experiments conducted by Alekseyev et al. (1997) (Sec. 3.4), Al(OH)4
- (65%) and NaAl(OH)4

o
(aq) 

(35%) are the dominants species. The solution pH was around 9. Whether or not to include the 

species NaAl(OH)4
o

(aq) could contribute significantly to the calculated SI values (Fig. 7). 

However, even with this uncertainty of Al speciation, the calculated SI values do not reverse the 

signs. For the albite dissolution in 0.1 m KHCO3 solution at 300 oC and 88 bars conducted by 

Alekseyev et al. (1997),  the calculated in situ pH are also around 9, and the dominant Al species 

is Al(OH)4
-  (>95%) (Fig. A4b).   

 

A.3. Chemical Impurities and Crystallinity  

Another source of error is that the standard thermodynamic properties used for 

calculations are derived from pure end-members (typically measured from gem quality crystals) 

while the primary minerals (feldspars) and secondary mineral products in the experiments may 

not be chemically pure or may have different crystallinity from those used to derive 
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thermodynamic properties. While Murakami et al. (1998) used an An95Ab0.5 anorthite, Fu et al. 

(2008) used a perthitic feldspar with a K-feldspar laminae with 15% Na component. According 

to Arnórsson and Stefánsson (1999), the ΔGmix of alkali feldspar is positive, indicating that 

alkali-solid solutions are more soluble than the respective pure end-members. However, they 

showed the ΔGmix is less than 1 kJ/mol for composition of 10% Na low albite in the low albite – 

microcline series, which translates to about 0.1 – 0.2 in log K at 200 oC. The Na component in 

the anorthite will reduce the solubility of anorthite. At 90 to 210 oC, the 5% Na will most likely 

introduce about 0.25 in log K.   

Murakami et al. (1998) noted that the boehmite in their experiments contained high 

concentrations of Si. The effect of this on thermodynamic properties is unknown. Kaolin mineral 

occur with varying degrees of structural order and hence free energy (Drever, 2004). The errors 

on the SI are not assessed.  
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Figure A1. Comparison of experimental (symbols) and calculated (lines) phase equilibrium 
involving boehmite. Thermodynamic properties for kaolinite and andalusite are from Holland 
and Powell (1998), for SiO2

o(aq) from Shock et al. (1989), and for boehmite from Hemingway et 
al. (1991). As in Hemley et al. (1980), the only aqueous silica species is assumed to be SiO2

o(aq) 
and the activity coefficient for this neutral species is assumed to be unity. The andalusite – 
boehmite experiment was conducted by Hemley, but as cited in Helgeson et al. (1978).   
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Fig. A2. Fraction of Al aqueous species as a function of time for alkali feldspar dissolution and 
clay precipitation experiment at 200 °C and 300 bar. (a) alkali feldspar + 0.2 m KCl (described in 
§3.1) and (b) alkali feldspar + 0.2 m KCl + 0.05 m CO2 (described in §3.2). Al aqueous 
speciation was calculated with the thermodynamic properties from Table 1a. Solution pH 
increased from the start of the experiment to end from 3.3 to 4.8 for (a) and from 4.9 to 5.7 for 
(b). 
 



Zhu & Lu 

Tuesday, September 30, 2008 58

 
 

Fig. A3. Fraction of Al species in the experiment of anorthite dissolution in 0.03 m NaAC 
solutions performed by Murakami et al. (1998) and described in § 3.3. At 90 oC (a), 150 oC (b), 
and 210 oC (c). Al speciation was calculated with the thermodynamic properties from Table 1a. 
Solution pH was buffered around 4.7 for (a), 5.0 for (b), and 5.4 for (c). 
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Fig. A4. Fraction of Al species in the experiments conducted by Alekseyev et al. (1997) at 300 
oC and 88 bars (described in § 3.4). (a) sanidine dissolution in 0.1 m NaHCO3 solution; (b) albite 
dissolution in 0.1 m KHCO3 solution Al speciation was calculated with the thermodynamic 
properties from Table 1a. Solution pH was buffered around 9 for both (a) and (b). 
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Table A1. Proposed standard state thermodynamic properties of boehmite at 25 oC and 1 bar 

 
N.A. = not available. 

 

ΔGo
f (kJ/mol) ΔHo

f (kJ/mol) So (J/mol/K) Reference 
-909.0 -983.6 48.5 Helgeson et al. (1978)  
-918.8 -996.8 37.2 Pokrovskii and Helgeson (1995) 
-918.4 -996.4 37.2 Hemingway et al. (1991) 
-915.9 -990.9 48.5 Wagman et al. (1982) 
-922.0 -1000.0 48.5 Robie et al. (1978) 
-918.4 -996.4 37.2 Robie and Hemingway (1995) 
-917.4 -995.4 37.2 Bourcier et al. (1993) 
-916.0 N.A. 48.5 Hemley et al. (1980) 
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Table A2. Comparison of the values of thermodynamic properties of Al aqueous species at 25 oC and 1 bar 
Species ∆Go

f (kJ/mol) ∆Ho
f (kJ/mol) So (J/mol/K) References 

Al+3 -482.7 -527.2 -316.3 Shock and Helgeson (1988) 
 -488.8 -540.9 -342.0 Nordstrom and Munoz (1994) 
 -489.4 -531.0 -308.0 Robie and Hemingway (1995) 
 -487.6 -538.4 -338.1 Pokrovskii and Helgeson (1995) 
 -483.7 -530.7 -325.1 Shock et al. (1997) 
 -487.5 -538.7 -339.8 Tagirov and Schott (2001) 
 -485.0 -531.0 -321.7 Wagman et al. (1982) 
 -482.8±1.71§ -527.2 -316.3 Holland and Powell (1998) 
     
AlOH2+ -696.3 -769.8 -181.1 Tagirov and Schott  (2001) 
 -692.3 -766.9 -184.9 Shock et al. (1997) 
 -696.5 -774.4 -195.9 Pokrovskii and Helgeson (1995) 
 -691.6 -760.9 -167.4 Sverjensky et al. (1997) 
 -698.0   Calculated from stability constant, Stumm and Morgan 

(1996) 
     
Al(OH)2

+ -899.5 -996.7 -27.5 Tagirov and Schott  (2001) 
 -901.5 -1011.8 -71.1 Pokrovskii and Helgeson (1995) 
 -899.0 -1000.9 -43.0 Shock et al. (1997) 
 -911.0   Calculated from stability, Stumm and Morgan  (1996) 
     
Al(OH)3

o -1101.7 -1242.6 59.4 Tagirov and Schott  (2001) 
 -1106.2 -1237.7 90.8 Shock et al. (1997) 
 -1115.0   Calculated from stability constant, Stumm and Morgan  

(1996) 
 -1109.1±1.14 -1251.9 53.6 Holland and Powell (1998) 
     
Al(OH)4

- -1307.0 -1478.0 127.0 Nordstrom and Munoz  (1994) 
 -1305.6 -1500.6 111.1 (Arnórsson and Stefánsson, 1999) 
 -1305.8 -1503.0 130.5 Tagirov and Schott (2001) 
 -1305.4 -1491.5 N.A. Verdes et al. (1992) 
 -1305.6 -1500.6 111.4 Wesolowski (1992) 
 -1305.7 -1501.0 109.6 Shock et al. (1997) 
 -1305.7 -1500.9 110.6 Pokrovskii and Helgeson (1995) 
 -1305.3 -1502.5 102.9 Wagman et al. (1982) 
 -1325.0   Calculated from stability constant, Stumm and Morgan  

(1996) 
 -1305.4±1.14 -1495.8 126.9 Holland and Powell (1998) 

 Note: different notations were converted to the same formulae in order to facilitate the comparison.  N.A. = not 
available. §1σ. 
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Table A3. Equilibrium constants for Al aqueous species complexation reactions. 
Reactions log K 
 25 oC, 1 bar 200 oC, 300 bars 300 oC, 88 bars 90 oC Psat 150 oC Psat 210 oC Psat 
 BL† Slop98‡ Wateq

4f¥ 
BL Slop98 BL Slop98 BL Slop98 BL Slop98 BL Slop98 

Al3+ + H2O = AlOH2+ + H+ -4.964 -5.000 -5.0 -1.446 -1.489 -0.220 -0.003 -3.248 -3.363 -2.129 -2.195 -1.265 -1.231 
AlOH2+ + H2O = Al(OH)2

+ + H+ -5.956 -5.341 -5.1 -2.184 -2.614 -0.899 -1.950 -4.113 -3.857 -2.916 -3.042 -1.999 -2.505 
Al(OH)2

++H2O= Al(OH)3
o
(aq) +H+ -6.123 -5.260 -6.8 -3.671 -2.683 -2.916 -2.107 -4.891 -3.857 -4.123 -3.098 -3.560 -2.608 

Al(OH)3
o + H2O = Al(OH)4

- + H+ -5.807 -6.602 -5.8 -4.271     -4.642 -4.114 -4.283 -5.047 -5.775 -4.579 -5.127 -4.263 -4.627 
Na+ + Al(OH)4

- = NaAl(OH)4
o
(aq) -0.049   0.823       1.519  .358        .650       .932       

Al+3 + F- = AlF+2 6.981  7.0           
Al+3 + 2F- = AlF2

+ 12.602  12.7           
Al+3 + 3F- = AlF3

o
 (aq) 16.652  16.8           

Al+3 + 4F- = AlF4
- 19.033  19.4           

† From (Tagirov and Schott, 2001); ‡Database for SUPCRT92 with thermodynamic data from Helgeson-Sverjensky-Shock series publications. The 
notations in Slop98 database were converted (e.g., AlO+ was converted to Al(OH)2

+) in order to facilitate the comparison; ¥Compiled in the computer code 
PHREEQC and thermodynamic data from (Nordstrom et al., 1979; Ball and Nordstrom, 1991).
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APPENDIX B. EXPERIMENTAL DATA  

As briefly described in Section 3.2, two batch experiments for alkali feldspar dissolution 

in ~0.2 mol/kg KCl, 50 mmol/kg CO2 solution were conducted at 200 °C and 300 bars in 

Professor W. E. Seyfried’s lab at the University of Minnesota. A time series of fluid samples 

were taken in situ and the solution chemistry was analyzed (Table B1). Detailed experimental 

and analytical procedures are described in Fu et al. (2008). 

 
Table B1. Major dissolved constituents in aqueous fluid (mmol/kg, except for pH) coexisting 

with alkali feldspar and reaction products at 200 oC and 300 bars 
Time 
(h) 

SiO2 Na+ Al3+ K+ Cl- CO2(aq) Measured 
pH (25 

oC) 

Calculated 
in situ pH 
(200 oC) 

0 - - - 200.0 200.0 50.0 4.0 4.5 
24 0.40 0.26 0.01 196.31 199.22 47.90 4.3 4.9 

120* 1.96 1.89 0.006 200.0# 200.0# 50.0# 4.0 5.0 
144 1.88 0.45 0.01 194.30 196.51 44.47 4.5 5.1 
312 2.30 0.93 0.02 195.35 197.48 45.83 5.0 5.6 
480 2.42 1.41 0.06 196.19 199.40 45.35 5.1 5.7 
648 2.49 0.97 0.09 195.40 198.77 45.17 5.1 5.7 

*Terminated after 5 days. #Assumed, not measured concentrations. 
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especially the response of an aquifer system to the distal injection large volumes of CO2. 

Experiments involving Navajo sandstone dissolution in acidic brine were conducted at 200 oC and 

250 or 300 bars to evaluate the extent of fluid-rock interactions and the concurrent changes of 

porosity, permeability, and injectivity. The first experiment (batch) examines the interaction of 

sandstone with CO2-impregnated brine; the second experiment (batch) is sandstone dissolution in 

CO2-free acidic brine, serves as a base case; the third one is a flow-through experiment designed 

to measure sandstone dissolution rates based on variations of Si concentration as a function of 

time. Fluid-rock reactions took place in the CO2-brine-sandstone system in addition to the expected 



pH decrease and carbonate mineral precipitation. Silicate minerals in the sandstone display 

textures (dissolution features, secondary mineralization), indicating that these phases are reacting 

strongly with the fluid. The solution chemistry data indicate that the dissolved SiO2 increases 

gradually and that pH increases slowly with reaction progress. Characterization (SEM and XRD) of 

minerals after reactions suggests the progressive illitization of smectite minerals. Dissolution of 

feldspars and conversion of smectite to illite are likely to be the two reactions that contribute to the 

release of SiO2. The product minerals present at the end of the experiments are illite, illite/smectite, 

allophane, and carbonate minerals (for the CO2-charged reaction). The role of dissolved CO2 is 

likely in acidifying the brine and providing a carbon source for the precipitation of carbonate 

minerals. The formation of carbonate minerals (i.e., mineral trapping) is expected and 

thermodynamically favored. The chemical reactions likely increase the porosity of the sandstone 

due to silicate dissolution, but permeability may be reduced by the formation of pore-filling 

allophane and illite/smectite. While there is no evidence to suggest that chemical removal of the 

clay coating is occurring, it is uncertain whether the mechanical forces near the injection well would 

mobilize the smectite, causing pore clogging and affecting the injectivity.
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Abstract 

The injection of CO2 into deep saline aquifers is presently being considered as an option 

for greenhouse gas mitigation. However, the behavior of CO2-brine-rock systems under 

physical-chemical conditions relevant to geologic storage and sequestration of CO2 is largely 

unknown, especially the response of an aquifer system to the distal injection large volumes of 

CO2. Experiments involving Navajo sandstone dissolution in acidic brine were conducted at 200

oC and 250 or 300 bars to evaluate the extent of fluid-rock interactions and the concurrent 

changes of porosity, permeability, and injectivity. The first experiment (batch) examines the 

interaction of sandstone with CO2-impregnated brine; the second experiment (batch) is sandstone 

dissolution in CO2-free acidic brine, serves as a base case; the third one is a flow-through

experiment designed to measure sandstone dissolution rates based on variations of Si 

concentration as a function of time. Fluid-rock reactions took place in the CO2-brine-sandstone 

system in addition to the expected pH decrease and carbonate mineral precipitation. Silicate 

minerals in the sandstone display textures (dissolution features, secondary mineralization), 

indicating that these phases are reacting strongly with the fluid. The solution chemistry data 

indicate that the dissolved SiO2 increases gradually and that pH increases slowly with reaction 

progress. Characterization (SEM and XRD) of minerals after reactions suggests the progressive 

illitization of smectite minerals. Dissolution of feldspars and conversion of smectite to illite are 

likely to be the two reactions that contribute to the release of SiO2. The product minerals present 

at the end of the experiments are illite, illite/smectite, allophane, and carbonate minerals (for the 

CO2-charged reaction). The role of dissolved CO2 is likely in acidifying the brine and providing 

a carbon source for the precipitation of carbonate minerals. The formation of carbonate minerals 

(i.e., mineral trapping) is expected and thermodynamically favored. The chemical reactions 
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likely increase the porosity of the sandstone due to silicate dissolution, but permeability may be 

reduced by the formation of pore-filling allophane and illite/smectite. While there is no evidence 

to suggest that chemical removal of the clay coating is occurring, it is uncertain whether the 

mechanical forces near the injection well would mobilize the smectite, causing pore clogging and

affecting the injectivity.

Keywords: Navajo Sandstone, Geological Carbon Sequestration, Fluid-Rock Interactions, 

Experimental Studies
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Introduction

An ever-increasing amount of scientific evidence suggests that anthropogenic release of 

CO2 has led to a rise in global temperatures over the past several hundred years (BRANTLEY et al., 

2001; CROWLEY, 2000). The injection of CO2 into deep saline aquifers is presently being 

evaluated as an option for greenhouse gas reduction (GALE, 2002). Currently, the U.S. 

Department of Energy (DOE) is conducting pilot CO2 injection tests to evaluate the feasibility of 

storing millions of tons of carbon dioxide in deep saline aquifers around the U.S. The Navajo 

Sandstone and its geological equivalent, the Nugget Sandstone, are two of the target aquifers. For 

example, the Nugget Sandstone saline formation was selected as the target for one of the 

large-volume injection tests by the Big Sky Carbon Sequestration Partnership (SPANGLER, 2007).

The Jurassic Navajo/Nugget Sandstone has been identified as regionally extensive in the western 

US (LOOPE and ROWE, 2003), and is thus of significance for the success of sequestration in these 

regions.

From a capacity perspective, deep saline aquifers offer a very significant potential (GALE, 

2002). However, considerable uncertainties exist because CO2 is reactive, in particular when 

dissolved in water. CO2 is likely to react with the sandstone, causing precipitation and dissolution 

of minerals, and changing the porosity, permeability and injectivity of the aquifer (e.g., Xu et al., 

2004). The future success of CO2-injection tests is therefore partly dependent on how these 

reactions proceed under reservoir conditions. To date, the published literature has mainly focused 

on carbonate precipitation without regard to the reactivity of the host rock (e.g. Kaszuba et al., 

2003; 2005). CO2-fluid-indigenous rock interactions within saline aquifers under reservoir 
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temperature and pressure conditions have received little attention. Dissolution of silicate 

minerals in a brine and precipitation of carbonate are reported in limited numerical modeling 

studies that involve reaction kinetics (GUNTER et al., 2000; GUNTER et al., 1997; PERKINS and 

GUNTER, 1995) and experimental studies (GUNTER et al., 1997; KASZUBA et al., 2003; KASZUBA

et al., 2005). The experimental studies mentioned above investigated geochemical reactions that 

occur within a supercritical CO2-brine-aquifer (or aquitard) system which could be imagined as 

an analog of a system close to an injection well. A month-long batch experiment at 105 oC and 

90 bars yielded a large increase in alkalinity and small amounts of water-mineral reaction

(GUNTER et al., 1997), whereas 32-77 day-long experiments at 200 oC and 200 bars resulted in 

silicate minerals (quartz, plagioclase, microcline and biotite) in the aquifer and the aquitard (an 

artificial analog) displaying textures (etch pits, mineralization) indicative of significant reaction.

(Kaszuba et al., 2003; 2005) However, the following questions remained unanswered: What is 

the response of an aquifer system far away from an injection well dominated by ionic and 

dissolved CO2(aq)? Are there any new clay minerals formed and what is the stability of 

indigenous clay minerals — do they disappear by dissolution, transform into new minerals, or 

become free and mobile and tend to clog the pores? In addition, it is not at all clear from 

available data whether high CO2 concentrations in fluids (due to CO2-injection) act to catalyze or 

inhibit silicate mineral dissolution/secondary mineral precipitation processes. In this study, we 

conducted a series of CO2-Navajo Sandstone-brine interaction experiments, mimicking a system 

far away from the injection well, and evaluated the Navajo Sandstone saline aquifer responses to 

injection of CO2. Sandstone from drill core was used in the experiments to facilitate the 
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investigation of stability of indigenous clay minerals. The study provides critical constraints that 

can serve as a basis to refine multiphase flow reactive-transport modeling of CO2 sequestration 

in saline aquifers.

  
Material and Methods

Experimental approach. A total of three hydrothermal experiments have been conducted 

to assess the primary mineral dissolution and secondary mineral precipitation kinetics and to test 

the feasibility of using the Navajo Sandstone saline aquifer for CO2 storage. The first batch 

experiment exposes the Navajo Sandstone to CO2-impregnant brine and assesses the mineral 

reactivity as it affects permeability, porosity, and permanent sequestration via precipitation of 

carbonates and dissolution/precipitation of silicates and clay. These data will provide input for 

further simulation studies and direct evidence for answering the question “is the Navajo 

Sandstone a viable formation for geologic carbon sequestration?” The second batch experiment 

dissolves the Navajo Sandstone in acidic brine without CO2 and serves as a base case to be 

compared with experiment #1. Finally, a flow-through experiment (experiment #3) is performed

to measure the sandstone dissolution rates based on variations of Si concentration as a function 

of time. Our experimental pressures (250-300 bars) are similar to the pressure of the target 

formation studied by the Big Sky Carbon Sequestration Partnership (265.4 bars), but the 

experimental temperature is higher (200o C) than that of the Big Sky study (~98 o C). Our

pressure and temperature conditions are comparable with those in Kuszuba et al. (2003; 2005)
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(200 bars and 200o C). Gunter et al. (1997) also used higher temperature (105o C) than that of the 

corresponding aquifer (54o C) because experiments at 54 oC did not produce observable reactions.

The higher temperature in this study is necessary to accelerate the reactions to measurable rates 

in the laboratory. The higher temperature is justifiable because performance assessments are on 

the orders of thousands of years or longer (WILDENBORG and VAN DER MEER, 2002).

Experimental apparatus for batch experiments. The prepared sandstone particles were 

placed in a flexible gold reaction cell with detachable Ti closure, which was placed in a 

steel-alloy autoclave (SEYFRIED et al., 1987). This arrangement allows easy access to the 

reactants at the end of the experiment. More importantly, the flexible cell permits on-line 

sampling of the aqueous phase at constant temperature and pressure simply by adding water, in 

an amount equivalent to the sampled fluid, to the region surrounding the reaction cell. These 

experimental data are generally superior to those derived from samples collected after the 

reactors are cooled down because backward reactions may occur during cooling. The 

experiments using the flexible cell system were conducted at 200 °C and 300 bars. 

Experimental apparatus for flow-through experiment. The flow-through dissolution 

experiment of the Navajo Sandstone was performed using a hydrothermal flow system. A fixed 

volume (~100 ml) Ti reactor represents the central unit of the flow system. It connects to a 

high-pressure fluid delivery system (Shimadzu 10A HPLC pump) that keeps the rate of fluid flow 

at pre-selected values. The outlet side of the reactor is connected to a computer-controlled 

regulating valve that serves to maintain the total pressure at fixed values. Temperature control is 
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provided by a series of Watlow band heaters external to the Ti reactor. The reactor is also equipped 

with a magnetic stirrer (Parr Instrument, A1120HC), which allows reactants to remain suspended

in the fluids during the experiment. 

Materials. Reddish Navajo Sandstones were collected from N aquifer, Black Mesa, 

Arizona. The major mineral component of Navajo Sandstone is quartz, with ~2% feldspars

(DULANEY, 1989; HARSHBARGER et al., 1957; ZHU, 2005). A sandstone sample (MSE 136.5-137) 

is crushed and ground with an agate mortar and pestle, and then dry sieved to obtain the fraction 

between 50 and 100 μm. Ten grams of the resulting powder and 150 mL deionized water are

placed into a 200-mL polyethylene bottle and ultrasonic-cleaned with a sonic probe five times, 

for 10 minutes per treatment. The bottle is immersed into a water bath to keep cool when 

ultrasonicating. The supernatant is disposed of and the remaining solid is freeze-dried. 

Analytical methods. Fluid samples taken from the reactor at regular intervals are analyzed 

for all major and some minor dissolved constituents. Dissolved cations are analyzed by inductively 

coupled plasma mass spectrometry (ICP-MS) while anions are analyzed by ion chromatography

(IC). Reactants and products are characterized with X-ray diffraction (XRD, for phase 

identification) and SEM (for phase relationships and surface morphology).

XRD analyses are carried out using a Bruker D8 Advance diffractometer, equipped with a 

Cu anode at 20 kV and 5 mA, and with a SolX energy-dispersive detector. The scan parameters 

used are 2 to 70° 2θ, with a step size of 0.02° 2θ. The sample preparation method is called

“slurry mount”: reaction products are immersed in 20 mL deionized water in a plastic vessel (25

mL volume) and ultrasonicate three times for 15 minutes per treatment with 15-minute breaks.
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After the final ultrasonication, the samples are allowed to settle overnight. Then, the suspension

(clay with water) is carefully pipetted out, mounted onto a zero background quartz plate and 

air-dried. The mount-dry cycle is repeated to ensure we have enough materials for XRD analysis.  

SEM is conducted with a Quanta 400 Field Emission Gun (FEG). The equipped Energy 

Dispersive X-ray Spectrometer (EDS) system has an EDAX thin window and CDU LEAP 

detector. The low energy X-ray detection with FEG provided high spatial resolution for 

microanalysis down to ~0.1 mm3 under optimum conditions.

Results and Discussion 

Navajo sandstone before hydrothermal reactions. Detailed studies of untreated Navajo 

Sandstone were described in Zhu et al. (2006). XRD analysis of the bulk Navajo Sandstone 

shows ~ 90% by weight quartz, with minor amounts of K-feldspar and smectite, and trace 

amounts of kaolinite and illite/mica (ZHU et al., 2006). Feldspar grains are covered with an inner

layer of kaolin and an outer layer of smectite (ZHU et al., 2006). Smectite coatings occur not only 

on feldspar grains but also on quartz and Fe-Ti oxides (ZHU et al., 2006). X-ray diffraction 

results confirmed Zhu et al.’s (2006) findings that the clay coating on the Navajo Sandstone is 

mainly composed of smectite and kaolinite (Fig. 1). 

Fig. 2 shows SEM microphotographs of the Navajo Sandstone after ultrasonication

removed the clay coatings. These images are to be compared with the images after the 

experiments. After ultrasonication, the smectite coating is largely removed (Fig. 2). However, the 

kaolinite coating persists on the K-feldspar surface (Figs. 2b and 2c). 
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Batch experiment 1: Navajo sandstone dissolution in CO2-impregnanted brine. The 

first Navajo Sandstone dissolution experiment is a batch experiment at 200 oC and 300 Bars and 

pH 4.1 (measured at 25 oC). Four grams of Navajo sandstone were reacted with 40 grams 200 

mmol/kg KCl solution in the presence of 20 mmol/kg CO2 (aq). X-ray diffraction results (Fig. 1) 

indicate that our experiment produced secondary clay minerals after 552 hours of reaction. 

Hydrothermal reactions led to the illitization of smectite minerals (Fig. 1). The peak at 11-12 

angstroms is illite/smectite. Illitization of smectite has been widely documented by XRD studies

and continues to draw the attention of researchers all over the world. From the time of the

pioneering study of Hower et al. (1976), there has been general agreement that illitization of 

smectite involves interstratified intermediates, with the proportion of illite in mixed-layer 

illite/smectite increasing as a function of increasing temperature, time and burial depth of basin 

sediments (e.g., BAULUZ et al., 2002; CUADROS and LINARES, 1996). Kaolinite and allophane 

were also identified (Fig. 1). While kaolinite was present before the experiment, allophane was 

newly precipitated as a reaction product in the experiment. Allophane (Al2Si2O5 • 3H2O) is a 

poorly crystallized hydrous aluminum silicate clay mineral and has a composition similar to 

kaolinite (Al2Si2O5(OH)2). Rhombohedra-shaped carbonate grains were occasionally found on 

quartz particles (Fig. 3f). However, there are not sufficient quantities of carbonate minerals to be

successfully identified with XRD.

       SEM images show that the morphology of the sandstone change during the course of the 

experiment. The reacted sandstone displays evidence of participating in fluid-rock interactions, 

which has also been observed in Kaszuba et al.(2003; 2005). Solution chemistry data (Si 
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concentrations increase with time) suggests silicate dissolution (Table 1), although dissolution 

features on sandstones are not evident. Abundant clay minerals adhere to quartz and K-feldspars 

after the reaction and commonly bridge the pores. Product minerals observed with SEM are

consistent with XRD results. Newly formed allophane aggregates fill the pores (Fig. 3a and 3c). 

These allophanes are poorly crystallized. XRD (Fig. 1) and SEM with X-ray microanalysis

(SEM/EDS) analysis (Fig. 3d) confirm the identity of allophane. SEM observations confirmed 

the illtization of smectite. The morphologies range from the typical "corn-flake," "maple leaf," or 

"honeycomb" habit of smectite to the typical platy or scalloped (with curled points) habit of illite, 

as described by Keller et al. (1986). Elongated fabric, platy or ribbon-like illite/smectite is shown 

in Figs. 3a-3g. This morphology of illite/smectite has also been observed in Keller et al. (1986), 

Nadeau (1998), Nadeau et al. (2002), and Celik et al. (1999). Illite, as interwoven ribbons, is 

intimately associated with the smectite (Fig. 3g). The smectite and kaolinite coatings persisted on 

the K-feldspar grains, indicating that the chemical reactions did not remove the coatings (Fig. 3 

h-j).

The solution chemistry results are presented in Tables 1 and 2. During the experiment, 

dissolved K+ and Cl- concentrations remained relatively constant (Table 1). Dissolved SiO2

increased, reaching 2.20 mmol/kg by the end of experiment. The smectite-to-illite conversion 

generally consumes K+ and releases SiO2 (CUADROS and LINARES, 1996). This conversion is 

likely to be a source of increased SiO2. Another source of SiO2 is dissolution of feldspars. 

Saturation index calculations indicate that the solution is undersaturated with respect to albite 

and anorthite during the entire course of the reaction (see below), suggesting the dissolution of 
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plagioclase. The dissolved concentrations of Mg2+ and Ca2+ also increased with time. Mg2+ and 

Ca2+ are probably from K+ cation exchange with Mg2+ and Ca2+ in smectite. There was only a 

slight decrease in dissolved CO2 concentration during the experiment (which suggests the 

formation of carbonates) while pH values increased slowly with reaction progress. Generally, the 

dissolved concentrations of most minor and trace elements approached steady-state values within 

the first 48 hours (Table 2). Fe, Sr, and Ba are probably from K+ cation exchange with Fe, Sr, and 

Ba in smectite.

The measured fluid chemistry and pH, when considered alongside aqueous speciation

distribution, and taking explicit account of mass balance, mass action and charge balance 

constraints, together with constraints imposed by the revised HKF equation of state, (JOHNSON et 

al., 1992; SHOCK and HELGESON, 1988; SHOCK et al., 1989; SHOCK et al., 1992; SHOCK et al., 

1997) permit calculation of ion activities of dissolved species. Speciation-solubility calculations 

were facilitated with the geochemical modeling code PHREEQC. (PARKHURST and APPELLO, 

1999) Thermodynamic data used in the speciation-solubility calculations are listed in Table 3.

Mineral saturation indices (SI) calculations (Table 4) show that the solution is

supersaturated with respect to microcline and undersaturated with respect to albite during the 

entire course of the reaction; the solution changes from undersaturated (144 h) to supersaturated 

(336 h) back to undersaturated (552 h) with respect to anorthite; the solution is supersaturated 

with respect to calcite and magnesite and slightly undersaturated with respect to quartz. SI 

calculations indicate that the formation of carbonate minerals (e.g., calcite and magnesite) is 

thermodynamically favored. As for the clay minerals, the solution is supersaturated with respect 

to kaolinite and illite during the entire course of the reaction and changes from undersaturated to 

supersaturated with respect to beidellite-K (a type of smectite) and montmorillonite-K (a type of 
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smectite) at 144 h and 336 h, respectively. 

Batch experiment 2: Navajo sandstone dissolution in acidic brine. The second Navajo 

Sandstone dissolution experiment is a batch experiment at 200 oC and 300 Bars without the 

presence of CO2 (aq). Four grams of Navajo sandstone are reacted with 40 grams 200 mmol/kg 

KCl solution at pH 2.8 (25 oC). The solution chemistry results are presented in Tables 5 and 6. 

During the experiment, dissolved K+ and Cl- concentrations remaine relatively constant (Table 5). 

Dissolved SiO2 continuously increases, reaching 4.93 mmol/kg at 696 h and then approaches 

steady-state. The sandstone dissolves much faster in this experiment than in Experiment #1 

because the initial pH of experiment #2 (2.8 at 25 oC) is much lower than that of experiment #1

(4.1 at 25 oC). The release of SiO2 is possibly due to both dissolution of feldspars (albite, 

plagioclase, and anorthite; see SI calculations below) and the conversion of smectite to illite. 

Dissolved Al3+ reaches a maximum value of 0.l4 mmol/kg at 24 h and decreases thereafter. The 

dissolved concentrations of Mg2+ and Ca2+ also increase with time. Mg2+ and Ca2+ are probably 

from K+ cation exchange with Mg2+ and Ca2+ in smectite. pH values increase rapidly with 

reaction progress during the first 360 h and remain almost constant during the rest of the reaction 

time. Generally, the dissolved concentrations of most minor and trace elements approach

steady-state values within the first 24 hours (Table 6). Fe, Sr and Ba are probably from K+ cation 

exchange with Fe, Sr and Ba in smectite.

SEM images show that after reaction with acidic brine, the dissolution features are much 

more intensive than in experiment #1. Although the surface of K-feldspar grains used as starting 

material have some rounded and angular pits (Fig. 2a), those observed on K-feldspar after 

reaction are more numerous and deep (Fig. 4h and 4i) and sometimes with dissolution features in 

the pits (Fig. 4i). The development of dissolution features (pits, steps and channels) shows that 
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the dissolution is heterogeneous (e.g., Fig. 4e-i). The smectite coatings remain, indicating that the 

chemical reactions did not remove coatings (Fig. 4a). Abundant clay minerals adhere to quartz 

and K-feldspars after the reaction and stretch across pores and open fractures. The smooth, flaky 

illite/smectite fills the pore and bridges particles (e.g., Figs. 4c and 4d). Illite, as interwoven 

ribbons, displays intergrowth with the smectite (Fig. 4b). No carbonate minerals are found. 

Mineral saturation indices (SI) calculations (Table 7) show that the solution is

supersaturated with respect to microcline and undersaturated with respect to albite during the 

entire course of the reaction; the solution changes from undersaturated (24 h) to slightly 

supersaturated (168 h) with respect to anorthite; the solution is supersaturated with respect to 

boehmite, muscovite, paragonite and pyrophyllite; slightly undersaturated (before 24 h) to 

supersaturated with respect to quartz (168 h). As for the clay minerals, the solution is

supersaturated with respect to kaolinite, illite, beidellite-K and montmorillonite-K during the 

entire course of the reaction.

Flow-through experiment: Navajo sandstone dissolution in acidic brine. The third

Navajo Sandstone dissolution experiment is a flow-through experiment at 200 oC and 250 Bars. 

Five grams of Navajo sandstone are reacted with 200 mmol/kg KCl fluid. The KCl fluid is 

acidified to pH 3.9 before the experiment at ambient temperature and pressure by addition of 

dilute HCl. The rate of fluid input is kept at 0.82 ml/min for the whole experiment of 23.5 hours.

The results are presented in Table 8. During the experiment, dissolved K+ and Cl- concentrations 

remain relatively constant (Table 8). The dissolved concentrations of Si and Mg approach 

steady-state values within the first 4 hours. pH values remained essentially the same with 

reaction progress.

SEM images show that after dissolution in a flow-through reactor, the dissolution features 
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are less intensive than those in experiment #2. The K-feldspar grains partially preserved the 

“three layer onion” structure of unreacted sandstones (see Fig. 5). Newly formed smectite/illite, 

observed in the products of experiment #1 are also found (e.g., Figs. 5b, 5e, 5e, and 5f).

The Al concentrations are under the detection limit. Saturation states for aluminosilicates 

are thus unknown. The solution is also undersaturated with respect to quartz (Table 9). 

Dissolution rate (as per mole of Si) was calculated according to the following formula 

based on time-series Si concentrations:
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where Cout is the output concentration of Si in mg/L, 0 is the input flow rate in ml/s, M is the 

atomic weight (g/mol) of Si, δ is the stoichiometric coefficient of Si (set to 1), and A is the total 

surface area in m2. The average dissolution rate is 6.85 ×10-10 mol m-2s-1 as per mole of Si (Table 

10).

Fate of CO2 and sandstone responses to CO2 injection. In experiment #1, the CO2 is 

mainly trapped in aqueous solution as carbonate species. Carbonate mineral precipitation is

observed with SEM, and supported by calculated SI values, but the amount precipitated is small 

judging from the decrease of CO2 in solution chemistry data and absence in XRD patterns. 

However, in actual injection cases, the carbonate concentrations would be much higher and the 

reaction time would be in years to thousands of years. The formation of carbonate minerals (i.e., 

mineral trapping) is thus expected and thermodynamically favored. 

The dissolution of silicates is likely to increase porosity, but permeability is probably

inversely affected by the formation of clay minerals in the pore space. Open, interconnected 

pores lined with ribbons, coating grain surfaces and also bridging the pores between grains will 

create permeability barriers to fluid flow (e.g., Figs. 3a, 3b, 3c, 3e, 4c, 4d, and 5f). Neasham 
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(1977) demonstrated that this clay texture severely reduces permeability without affecting 

porosity. 

Conclusions

(1) Our experimental data show that the Navajo sandstone reacted strongly with 

CO2-impregnated brine. The lower the pH, the more severe the reactions are in our experiments, 

regardless the CO2 concentrations. The role of dissolved CO2 is likely in acidifying the brine and 

providing a source for carbonate minerals. The pH values of the CO2-saturated brines under 

injection conditions (salinity, temperature, and pressure) are likely in the 2-3 range (SCHAEF and 

MCGRAIL, 2004). Therefore, the extent of reactions in the field would likely resemble our 

experiment with the most acidic brine (Experiment #2). Although our experiments were 

conducted at a higher temperature than that in some field injection projects in order to expedite 

observable changes in the laboratory (GUNTER et al., 1997), the longer time frame that 

CO2-impregantaed brine interacts with sandstone and the lower pH in the actual injection case 

justify the conclusions that the reactions will be significant and possibly affect the injectivity.  

(2) Increase of dissolved SiO2 and gradual increase of pH indicate that silicate mineral 

dissolutions are dominant reactions. Another source of SiO2 release is likely the conversion of 

smectite to illite. 

(3) Hydrothermal reactions led to the progressive illitization of smectite minerals. The 

secondary mineral assemblage present at the end of the experiments was illite, illite/smectite,

allophone, and carbonate minerals (for CO2-charged reaction). X-ray diffraction results were able 

to identify clay minerals that were not present before the reactions. SEM results are consistent

with XRD results. SEM images show that newly formed, aggregated, allophane-like phases fill 
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the pores. Illite is intergrown with the smectite. No carbonate minerals were identified in the

CO2-free experiments.

(4) The chemical reactions likely increase the porosity of the sandstone due to silicate 

dissolution. However, permeability might be reduced by the precipitation of pore-filling 

allophane and illite/smectite. The smectite coatings remain on the sediment grains, indicating 

that the chemical reactions did not remove coatings. Zhu et al. (2006) found that the smectite 

coating in the Navajo Sandstone is easily removed by sonification in the laboratory. It is 

uncertain whether the mechanical forces near in the injection well would mobilize the smectite 

and cause pore clogging. 

The experimental system in this paper mimics the long term CO2 interaction with a 

sandstone-based saline aquifer. Carbon dioxide injection into deep saline aquifers in sedimentary 

basins represents a huge potential for both CO2 storage and sequestration. The large volume of 

pore space available and long-term hydrodynamic trapping of CO2 (BACHU et al., 1994) are

optimal conditions for storage; with the formation of carbonate minerals (Kaszuba et al., 2003; 

2005), the CO2 will be permanently trapped in the subsurface and returned to its place of origin

(HITCHON et al., 1999). However, significant amount of water-rock interactions brings 

uncertainties to this potential option because water rock interactions may either enhance 

(increase the porosity/permeability) or decease (decrease the permeability and injectivity) the 

potential of the reservoir by dissolution of primary minerals, precipitation of secondary clay, and 

progressive evolution of clay. The experimental reactions provide initial constrains on mineral 

reactions that may impact the containment interface in moderate temperature brine aquifer 

systems with potential for carbon sequestration.
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FIGURE CAPTIONS

Fig. 1. X-ray diffraction patterns of the clay fraction in Navajo Sandstone before (grey line) and 

after reactions with CO2-imprenanted brine (black line). Before reaction the clay fraction is 

mainly composed of smectite (with the (001) reflection between 14-15 angstroms) and kaolinite 

(K, ICDD: 14-164). The clays of the reacted sandstone shows an (001) reflection of 11-12 

angstroms (illite/smectite), suggesting illitization of smectite due to hydrothermal reactions.

Kaolinite and allophane were also identified. “I” Illite (ICDD: 29-1496), “A” Allophane (ICDD: 

38-499), “I/S” illite/smectite.

Fig.2. (a) A K-feldspar particle image after sonication with a sonic probe. The K-feldspar is 

rounded with pitted surface topography. The identification of K-feldspar was confirmed by EDS; 

(b) Enlargement of one of the etch-pits outlined by the black box in (a), showing dissolution 

features. A kaolinite coating is visible to the right of the etch-pit; (c) Enlarged view of the 

kaolinite coating. The kaolinite is euhedral to semi-euhedral hexagonal platelets, with a size of ~ 

0.5 μm. These platelets are aggregated and well-oriented, but do not form a continuous cover. 

The basal plane always faces the feldspar surface; (d) A typical quartz particle after the 

ultrasonication treatment and before the dissolution experiment. The surface of the quartz is 

coated with incipient quartz overgrowth; (e) High resolution view of an area outlined by the 

black box in (d), showing incipient quartz overgrowth. 

Fig.3. (a) SEM microphotograph shows a ribbon-like secondary mineral bridging two quartz 



22

particles and aggregated secondary minerals filling the pore between the quartz particles; (b) 

Enlarged view of the platy, flaky secondary mineral (approximately 8 μm wide) shown in (a) 

with slightly scalloped, curled edges. This morphology looks similar to the reference illite shown 

in Keller et al. (1986). It is likely to be illite/smectite, with the chemical composition close to the 

illite end member; (c) Enlarged view of the aggregated secondary mineral. Poorly-crystallized 

allophane partly fills pores. Allophane has not been observed in the sandstone reactant and thus 

is newly formed; (d) EDS analysis yielding nearly equal peak heights of Si and Al suggests the 

minerals are probably allophane; (e) SEM microphotograph shows the smooth, flaky secondary 

mineral filling the pore and bridging two quartz particles. Similar morphology of illite/smectite 

was also shown in Keller et al. (1986), Nadeau (1998), Nadeau et al. (2002), and Celik et al. 

(1999); (f) SEM microphotograph shows rhombohedra-shaped secondary minerals (indicated by 

black arrows), approximately 1 μm in size. These minerals are likely to be carbonates. However, 

it was difficult to confirm with EDS due to their small size. The flaky secondary mineral 

(approximately 3 μm wide) to the left is illite/smectite; (g) SEM microphotograph shows

secondary minerals on a quartz surface. The smooth, flaky secondary minerals (marked as “1”

and “2”) are illite/smectite. The interwoven ribbons feature is a typical morphology of illite 

(marked as “3”). The length of a single ribbon is about 2 μm. The existence of illite was 

confirmed by XRD (Figure 1); (h) SEM microphotograph shows a K-feldspar particle after 

reaction. A massive, webby smectite aggregate covers the right-hand part of the K-feldspar; (i) 

Enlarged view of an area outlined by the box in (h). Well-developed, highly crenulated smecite 

formed a thin, webby crust. The webby morphology is a common crystal habit of smectite. The 
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morphology of the webby smectite is similar to that shown in Zhu et al. (2006), but it is much 

denser; (j) SEM microphotograph shows pore-filling kaolinite on a K-feldspar particle. The 

kaolinite particles are semi-euhedral platelets. These platelets are aggregated and well-oriented, 

but do not form a continuous cover. The basal plane always faces the feldspar surface.

Fig. 4. (a) SEM microphotograph shows secondary minerals on a quartz surface. The 

cornflake-shaped smectites at the upper part have a similar morphology to those in Zhu et al.

(2006). These smectites possibly existed before the dissolution experiment. However, the smooth, 

flaky illite/smectite at the lower part is much larger and is possibly formed during the dissolution 

experiment. (b) SEM microphotograph shows secondary minerals on another quartz surface. The 

secondary minerals are likely to be illite (ribbons) intergrown with smectite, which suggests the 

progressive illitization of smectite; (c) SEM microphotograph shows secondary minerals 

(illite/smectite) filling the pore and bridging two quartz particles. Some smooth, flaky 

illite/smectite minerals are visible (indicated by arrows). These minerals are also likely to be 

newly formed; (d) Enlarged view of an area outlined by the black box in (c), showing one of the 

particle-bridging secondary minerals. The smooth, flaky mineral (~5 μm) is illite/smectite; (e) 

SEM microphotograph shows dissolution features on a K-feldspar particle; (f) SEM 

microphotograph shows dissolution features on a K-feldspar particle; (g) Close-up of dissolution 

features on the K-feldspar particle showed in (f). The feldspar has angular and prismatic features 

at the micron scale. Dissolution steps are visible along the c-axis of the cleavages and dissolution 

channels along the b-axis of the cleavages; (h) SEM microphotograph shows surface morphology 
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of a K-feldspar particle after reaction; (i) Enlarged view of an area outlined by the black box in 

Fig. 39, showing dissolution feature in an etch pit. 

Fig. 5. (a) SEM microphotograph shows the quartz surface after reaction. Secondary minerals 

(possibly illite) are visible; (b) Enlarged view of upper right corner of (a). The large smooth, 

flaky smectite/illite is possibly formed during the dissolution experiment; (c) SEM 

microphotograph shows the quartz surface after the hydrothermal experiment. Similar to Fig. 4a, 

the corn-flake-shaped smectites in the upper part have a similar morphology as those in Zhu et al. 

(2006). These smectites possibly existed before the hydrothermal reaction. However, the smooth, 

flaky smectite/illite at the lower part is much larger than authigenic smectite in the center of the 

image and possibly formed during the dissolution experiment; (d) SEM microphotograph shows

the “three layer onion” described in Zhu et al. (2006). The grain is K-feldspar, and is coated with 

a layer of kaolinite. Smectite in turn covers kaolinite; (e) Close-up of the smectite shown in (d). 

The smooth, flaky, slightly crenulated smectite/illite at the lower part is much larger than 

authigenic smectite shown in this image and is possibly formed during the dissolution 

experiment; (f) The smooth, flaky illite/smectite with scalloped, curled edges is much larger than 

authigenic smectite shown in this image and is possibly formed during the dissolution 

experiment.
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TABLES

Table 1. Time-dependent changes in the composition of major dissolved species in CO2-bearing 
aqueous fluid coexisting with Navajo sandstone at 200 oC and 300 bars. The overall analytical 
error for dissolved species is ±5%. 

Sample Time K+ SiO2 Al3+ Na+ Mg2+ Ca2+ Cl- SO4
2- CO2(aq) pH

(h) (mmol/kg) 25oC In-situ*

starting 0 197.26 - - 0.17 - - 200.77 0.04 20.3 4.1 4.4

#1 48 195.00 0.89 0.01 0.26 0.09 0.29 193.33 0.16 19.2 4.7 5.2

#2 144 190.42 1.70 0.01 0.08 0.11 0.26 197.76 0.05 19.7 4.8 5.4

#3 336 193.32 2.03 0.10 0.14 0.17 0.34 192.38 - 19.5 4.9 5.3

#4 552 199.60 2.20 0.02 0.05 0.19 0.33 193.66 0.18 19.6 4.9 5.6

In-situ pH is calculated from distribution of aqueous species calculations at the temperature and pressure of the 

experiment using constraints imposed by major element concentrations and pH values measured at 25oC.

Table 2. Time-dependent changes in the composition of minor and trace dissolved species in 
CO2-bearing aqueous fluid coexisting with Navajo Sandstone at 200 oC and 300 bars. The overall 
analytical error for concentration measurements is ±5%. 

Sample Time Li Cr Fe Mn Co Ni Cu Zn Rb Sr Cs Ba

(h) (ppm)

Starting 0 - - - - - - 0.10 0.24 0.29 0.01 0.01 0.01

#1 48 - - 1.70 0.09 0.01 - 0.06 0.32 0.27 0.36 0.01 0.22

#2 144 - - - 0.08 - - 0.13 0.20 0.27 0.36 0.01 0.30

#3 336 0.04 0.01 6.63 0.13 0.01 0.25 0.27 0.38 0.43 0.36 0.08 0.25

#4 552 0.05 - 0.67 0.12 - 0.18 0.09 0.17 0.32 0.35 0.02 0.24
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Table 3. Thermodynamic data used in this report, calculated with the computer code of 
SUPCRT92 (JOHNSON et al., 1992). 
Aqueous reactions logK

25oC 
logK

200oC 300 bar
logK

200oC 250 bar
Ref

H2O = OH- + H+ -13.995 -11.163 -11.183 (1)
H2O + Al+3 = AlOH+2 + H+

2H2O + Al+3 = Al(OH)2
+ + 2H+

3H2O + Al+3 = Al(OH)3
o + 3H+

4H2O + Al+3 = Al(OH)4
- + 4H+

Na+ + 4H2O + Al+3 = NaAl(OH)4
o + 4H+

SiO2 + 2H2O + Al+3 = AlH3SiO4
+2 + H+

-4.964
-10.921
-17.044
-22.851
-22.9
-2.357

-1.446
-3.630
-7.301
-11.572
-10.748

1.86

-1.438
-3.614
-7.281
-11.557
-10.724
1.858

(2)
(2)
(2)
(2)
(2)
(2)

Na+ + H2O = NaOHo + H+ -14.205 -11.087 -11.095 (3)
Na+ + Cl- = NaClo -0.777 0.019 .031        (4)
K+ + Cl- = KClo 0.456 0.464 (5)
H+ + Cl- = HClo -0.710 -0.15 -0.15        (6)
K+ + H2O = KOHo + H+ -14.439 -10.939 -10.946 (3)
Na+ + HCO3

- = NaHCO3 0.1541 -1.213 (7)
Na+ + HCO3

- = NaCO3
- + H+ -9.8144 -12.632 (7)

K+ + HCO3
- = KHCO3 0.1541 -1.213 (8)

K+ + HCO3
- = KCO3

- + H+ -9.8144 -12.632 (8)
Cl- + Ca+2 = CaCl+ -0.292 1.146 1.159      (4)
2Cl- + Ca+2 = CaCl2

o -0.644 0.672 0.700      (4) 
H2O + Ca+2 = CaOH+ + H+ -12.833 -7.961 -7.956 (3)
Ca+2 + HCO3

- = CaCO3
o + H+ -7.002 -5.05 (3)

Ca+2 + HCO3
- = Ca(HCO3)+ 1.047 2.305 (4)

HCO3
- + H+ = CO2

o + H2O 6.345 7.067 (3)
CO3

-2 + H+ = HCO3
- 10.329 10.298 (3)

NH3
o + H+ = NH4

+ 9.241 5.825 (3)
Mg+2 + HCO3

- = MgHCO3
+ 1.036 2.288 (9)

Mg+2 + HCO3
- = MgCO3 + H+ -7.35 -5.92 (4)

Ca+2 + SO4
-2 = CaSO4 2.111 3.291 3.313 (3)

Mg+2 + Cl- = MgCl+ -0.135 0.911 .924      (4)
Mg+2 + H2O = Mg(OH)+ + H+ -11.682 -7.424      -7.419 (4)
H+ + SO4

-2 = HSO4
- 1.979 4.350 4.369 (4)

K+ + SO4
-2 = KSO4

- 0.88 1.854 1.864 (4)
K+ + HSO4

- = KHSO4 -3.474 -1.366 -1.355 (4)
Mg+2 + SO4

-2 = MgSO4 2.23 3.383 3.408      (4)
Na+ + SO4

-2 = NaSO4
- 0.7 1.666 1.683      (4)

SiO2 + H2O = HSiO3
- + H+

SiO2 + H2O + Na+ = NaHSiO3
o + H+

-9.585
-7.754

-8.707
-7.767

-8.728
-7.775      

(4)
(4)

Mineral reactions
KAlSi3O8 (microcline) + 4H+  = Al+3 + K+ + 2H2O + 3SiO2(aq) -1.050 -3.923 -3.975       (10)
NaAlSi3O8 (albite) +4H+ = Al+3 + Na+ + 2H2O + 3SiO2(aq) 2.065 -2.508 -2.561       (10)
CaAl2Si2O8 (anorthite) + 8H+ = Ca+2 + 2Al+3 + 2SiO2(aq) + 4H2O 23.68 4.042 3.954      (10)
AlO2H (diaspore) +3H+ = Al+3 + 2H2O 7.191 0.02 -0.005         (10)
AlO2H (boehmite) +3H+ = Al+3 + 2H2O 7.595 0.242 0.217       (11)
CaCO3 (calcite) + H+ = Ca+2 + HCO3

- 1.816 -0.438 (10)
MgCO3 (magnesite) + H+ = Mg+2 + HCO3

- 2.29 -1.066 (10)
NaAlCO3(OH)2 (Dawsonite) + 3H+ = Al+3 + HCO3

- + Na+ +2H2O 4.3464 -0.4756 -0.4756 (12)
CaMg(CO3)2 (Dolomite) + 2H+  =  Ca+2 + Mg+2 + 2HCO3

- 3.240 -2.018 (10)
SiO2 (quartz) =  SiO2(aq) -4.047 -2.424 -2.431       (10)
CO2(g) = CO2

o -1.473 -2.132 (10)
Al2Si2O5(OH)4 (kaolinite) + 6H+ = 2Al+3 + 2SiO2(aq) + 5H2O 4.501 -5.354 -5.415      (10)
KAl3Si3O10(OH)2 (muscovite) + 10H+ = K+ + 3Al+3 + 3SiO2(aq) + 6H2O 11.22 -5.407 -5.506      (10)
NaAl3Si3O10(OH)2 (paragonite) + 10H+ = Na+ + 3Al+3 + 3SiO2(aq) + 6H2O 14.397 -3.753 -3.852       (10)
Al2Si4O10(OH)2(pyrophyllite) + 6H+ = 2Al+3 + 4H2O + 4SiO2(aq) -1.724 -9.733 -9.809      (10)
K0.6Mg0.25Al2.3Si3.5O10(OH)2(illite) + 8H+ = 0.25Mg+2 + 0.6K+ +  2.3Al+3 + 
3.5SiO2(aq)+ 5H2O

9.0260 -4.6120 -4.6120 (13)

K0.33Al2.33Si3.67O10(OH)2(Beidellite-K) +7.32H+ = 0.33K+ + 2.33Al+3 + 3.67 
SiO2(aq) + 4.66H2O

5.252 -6.559 -6.644 (10)

K0.33Mg0.33Al1.67Si4O10(OH)2(Montmorillonite-K) +6H+  =  0.33Mg+2 + 0.33K+

+ 1.67Al+3 + 4H2O + 4SiO2(aq)
2.102 -5.766 -5.839 (10)

(1) Haar et al.(1984); (2) Tagirov and Schott (2001); (3) Shock et al. (1997); (4) Sverjensky et al. (1997); (5) Ho et 
al., (2000); (6) McCollom and Shock (1997); (7)Wagman et al. (1982), 200 oC, Psat; (8) Assumed log K as same as 
Na species; (9) Shock and Koretsky (1995); (10) Holland and Powell (1998); (11) Hemingway et al. (1991) for 
boehmite; (12) Robie and Hemingway (1995), 200 oC, Psat; (13) Wolery (1978), 200 oC, Psat.
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Table 4. Saturation indices calculation for experiment #1.

Table 5. Time-dependent changes in the composition of major dissolved species in aqueous 
fluid coexisting with Navajo sandstone at 200 oC and 300 bars. The overall analytical error for 
dissolved species is ±5%.

Sample Time K+ SiO2 Al+3 Na+ Mg2+ Ca2+ Cl- pH

(h) (mmol/kg) 25 oC In-situ*

starting 0 203.86 - - 0.11 - - 188.25 2.8 2.9

#1 24 197.28 1.63 0.14 1.42 0.77 1.15 184.91 3.6 3.4

#2 168 200.07 4.00 0.03 0.14 1.03 1.17 182.93 4.6 4.1

#3 360 193.05 4.55 0.02 0.21 1.01 1.20 202.32 4.9 4.3

#4 696 208.74 4.93 0.02 0.30 1.36 1.28 200.96 5.0 4.3

#5 1392 198.67 4.49 0.02 0.24 0.86 1.09 198.78 5.1 4.2

*In-situ pH is calculated from distribution of aqueous species calculations at the temperature and pressure of 

the experiment using constraints imposed by major element concentrations and pH values measured at 25oC.

Minerals 48 (h) 144 (h) 336 (h) 552 (h)
Quartz -0.61 -0.33 -0.25 -0.22
Microcline 0.19 1.04 2.27 1.70
Albite -4.05 -3.71 -2.24 -3.27
Diaspore 1.13 0.94 2.04 1.05
Boehmite 0.91 0.72 1.82 0.83
Kaolinite 1.58 1.77 4.11 2.21
Muscovite 3.98 4.45 7.87 5.33
Paragonite -0.51 -0.54 3.12 0.12
Pyrophyllite -0.10 0.65 3.14 1.31
Calcite 7.78 8.14 8.05 8.62
Anorthite -1.87 -1.33 0.93 -0.40
Magnesite 7.95 8.45 8.43 9.06
Illite 0.54 1.33 4.06 2.26
Beidellite-K -0.50 0.15 2.96 0.89
Montmorillonite-K -1.25 -0.21 1.89 0.69
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Table 6. Time-dependent changes in the composition of minor and trace dissolved species in 
aqueous fluid coexisting with Navajo sandstone at 200 oC and 300 bars. The overall 
analytical error for concentration measurements is ±5%. 

Sample Li Cr Fe Mn Co Ni Cu Zn Rb Sr Cs Ba

(ppm)

Starting - - - - - - - 0.04 0.12 0.01 0.01 0.04

#1 - - 1.57 0.94 - - 6.07 0.52 0.12 0.54 0.01 0.41

#2 - - 0.10 0.75 - 0.09 0.10 0.20 0.13 0.54 0.01 0.30

#3 0.10 - 0.12 0.37 0.02 0.21 0.14 0.06 0.14 0.53 0.01 0.30

#4 - - 0.34 0.28 - - 0.11 0.05 0.18 0.56 0.02 0.45

#5 0.24 - 0.27 0.28 - - 0.2 0.32 0.15 0.55 0.01 0.35

Table 7. Saturation indices calculation.

Minerals 24 (h) 168 (h) 360 (h) 696 (h) 1392 (h)
Quartz -0.36 0.04 0.10 0.14 0.09 
Microcline 0.59 2.24 2.38 2.51 2.30 
Albite -2.92 -2.29 -1.96 -1.70 -1.99 
Diaspore 2.57 2.30 2.09 2.09 2.12 
Boehmite 2.35 2.08 1.87 1.87 1.89 
Kaolinite 4.97 5.24 4.92 4.99 4.96 
Muscovite 7.25 8.37 8.08 8.21 8.05 
Paragonite 3.50 3.60 3.51 3.76 3.53 
Pyrophyllite 3.78 4.86 4.65 4.79 4.68 
Anorthite -1.49 0.18 0.29 0.36 0.08 
Illite 2.99 4.59 4.50 4.67 4.42 
Beidellite-K 3.18 4.27 4.04 4.17 4.05 
Montmorillonite-K 0.69 2.59 2.65 2.83 2.55 
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Table 8. Time-dependent changes in the composition of major dissolved species in aqueous fluid 
coexisting with Navajo sandstone at 200 oC and 250 bars. The overall analytical error for 
dissolved species is ±5%. 

Sample Time K+ SiO2 Al3+ Na+ Mg2+ Ca2+ Cl- pH
(hours) (mmol/kg) 25oC In-situ*

#1 0.5 196.35 0.02 - 0.22 0.01 0.02 201.43 5.2 5.2
#2 4 209.45 0.26 - 0.02 0.04 - 198.79 5.3 5.2
#3 13 207.01 0.24 - 0.05 0.03 0.01 197.34 5.3 5.2
#4 23.5 204.83 0.18 - 0.30 0.05 0.02 196.78 5.5 5.3

*In-situ pH is calculated from distribution of aqueous species calculations at the temperature and pressure of 

the experiment using constraints imposed by major element concentrations and pH values measured at 25 oC.

Table 9. Saturation indices calculation.

Table 10. Dissolution rates of Navajo sandstone in the experiment with flow-through apparatus at 
200 oC and 250 bars. The total surface area of 5 gram Navajo sandstone is assumed to be 3.5 m2. 
The input flow rate is 0.82 ml/min.

Sample Dissolution Rate (mol m-2s-1)*

#1 7.81×10-11

#2 1.02×10-9

#3 9.37×10-10

#4 7.03×10-10

Average 6.85×10-10

* As per mole of Si

Minerals 0.5 (h) 4 (h) 13 (h) 23.5 (h)
Quartz -2.25 -1.14 -1.17 -1.30 
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