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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. 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. 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. To date, there is no real guidance as to how 
to predict silicate reaction rates for use in quantitative models. Current models for assessment of 
geological carbon sequestration have generally opted to use laboratory rates, in spite of the 
dearth of such data for compositionally complex systems, and the persistent disconnect between 
laboratory and field applications. 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.  
The funded experimental and theoretical study attempts to resolve this outstanding scientific 
issue by novel experimental design and theoretical interpretation to measure silicate dissolution 
rates and iron carbonate precipitation rates at conditions pertinent to geological carbon 
sequestration. 
 
In the second year of the project, we completed CO2-Navajo sandstone interaction batch and 
flow-through experiments and a Navajo sandstone dissolution experiment without the presence 
of CO2 at 200 oC and 250-300 bars, and initiated dawsonite dissolution and solubility 
experiments. We also performed additional 5-day experiments at the same conditions as alkali-
feldspar dissolution experiments with and without the presence of CO2 performed in the first 
year to check the validation of the experiments and analysis. The changes of solution chemistry 
as dissolution experiments progressed were monitored with on-line sampling of the aqueous 
phase at the constant temperature and pressure. These data allow calculating overall apparent 
mineral (feldspars and sandstones) dissolution rates and secondary mineral precipitation rates as 
a function of saturation states. State-of-the-art atomic resolution transmission electron 
microscopy (TEM), scanning electron microscopy (SEM), and electron microprobe was used to 
characterize the products and reactants. Reaction-path geochemical modeling was used to 
interpret the experimental results of alkali-feldspar dissolution experiments without the presence 
of CO2. Two manuscripts are near completion.  
 
Also during the second year, our education goal of graduate student training has been advanced. 
A Ph. D. student at Indiana University is progressing well in the degree program and has taken 
geochemical modeling, SEM, and TEM courses, which will facilitate research in the third year. 
A Ph. D. student at University of Minnesota had graduated. With the success of training of 
graduate students and excellent experimental data in the second year, we anticipate a more 
fruitful year in the third year.  
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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 (Crowley, 2000; Bradley, 2001). 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 
(Herzog et al., 1997; Doe, 1999). 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 Sliepner 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. (2003) 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. In addition to the geological carbon sequestration program, kinetically 
controlled reactions, including glauconite dissolution (Gunter et al., 1997), iron carbonate 
precipitation (Nrc, 2003), and olive and serpentine carbonation (Carey et al., 2003, and reports 
published by the Albany Research Center), are also important to other carbon sequestration 
programs. 
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Figure 1. Chemical compositions 
and nomenclature of feldspars.

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., 2003). 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. (2003) 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 
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 
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There is a dearth of kinetic data relevant to geological carbon sequestration, and 
hence the need for experimental measurements.  

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.  

 

 

Furthermore, we want to test experimentally the feasibility of using some unconventional 
CO2 storage formations. Red sandstone beds are widespread worldwide and co-injection of SO2 
and CO2 could reduce ferric iron to ferrous iron and form iron carbonate precipitates. One of 
the major costs of the carbon sequestration program is the capture and purification of CO2 at 
point sources. If some impurities in flue gas, such as SO2, can have beneficial use, it represents a 
major cost reduction to the program. Although theoretical calculations show great promise for 
this strategy (Knauss et al., 2002; Palandri and Kharaka, 2003), the redox reactions are 
dominated by kinetics and little experimental kinetic data are available. 

With these goals in mind, we have devised an innovative experimental and theoretical 
interpretation program to address these urgent and significant outstanding scientific issues facing 
the carbon sequestration program.  

We made progress during the first two years of this 3-year project. During the first year, 
we accomplished the following: 
 

• We successfully developed a sample preparation method and prepared reactants for 
experiments. The samples were characterized by electron microprobe, Scanning Electron 
Microscopy (SEM) and High Resolution Transmission Electron Microscope (TEM), 
which established a baseline for characterizing the products from experiments.  

 
• We successfully completed three batch type feldspar dissolution experiments and 

obtained time series solution chemistry data. The products from these experiments are 
being analyzed (see below). 

 
• We made significant progress on characterization of the reaction products of alkali-

feldspars by using SEM, TEM, and XPS.  
 
• We conducted a substantial amount of geochemical modeling work on interpretation of 

experimental results.  
 

In summary, we met or exceeded the first year milestones. Our objectives for the second 
year were: 

1) Experimental measurements of feldspar dissolution, dawsonite dissolution, and iron 
carbonate formation at conditions pertinent to the geological carbon sequestration program; 

2) Atomic or near atomic scale electron microscopy of the reactants and products to discern the 
reaction mechanisms; 

3) Theoretical and modeling studies to interpret and synthesize experimental data, and 
development of a strategy to simulate in situ reaction kinetics in geological formation.  
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             Both completed and on-going 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 is still on-going. 
 

Table 1. Summary of Experiments 
 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 

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 2 (on-going) Dawsonite precipitation  

*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.  
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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. 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. To date, there is no real 
guidance as to how to predict silicate reaction rates for use in quantitative models. 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. The research program is built upon the PIs’ substantial previous work in the field of 
water-gas-rock interactions, including some work in the carbon sequestration program. Hence, 
the funded work can be easily integrated with the NETL in-house research, and NETL-sponsored 
programs of field tests of injecting CO2 into deep geological formations (Frio sandstone, 
Sleipner, and Weyburn projects), and mineral carbonation and brine sequestration programs 
(NETL, Los Alamos, Albany Research Center).  

During the second year of this three year project, the following accomplishments have 
been made: 
 

1. We completed two batch type experiments and one flow through reactor experiment with 
Navajo sandstones and obtained time series solution chemistry data. An additional batch 
experiment was initiated with dawsonite. We also performed additional 5-day 
experiments at the same conditions as alkali-feldspar dissolution experiments with and 
without the presence of CO2 performed in the first year to check the validation of the 
experiments and analysis. The changes of solution chemistry as dissolution experiments 
progressed were monitored with on-line sampling of the aqueous phase at the constant 
temperature and pressure. These data allow calculating overall apparent mineral 
(feldspars and sandstones) dissolution rates and secondary mineral precipitation rates as a 
function of saturation states. The products from these experiments provide the 
opportunity to characterize the reacted mineral surfaces.  

 
2. We used SEM, TEM, and XPS to characterize the mineral products. SEM shows that the 

surfaces of reacted sandstone and feldspar grains are covered with secondary clay 
particles. TEM study shows that they are sheet silicates. We are making significant 
progress on using High Resolution TEM to characterize the mineral surfaces.   

 
3. We conducted geochemical modeling work on interpretation of experimental results. We 

completed the modeling for one experiment, and are continuing the modeling work on 
other experiments.   
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In summary, we have largely met or exceeded the milestones during the second year. We 
anticipate that the third year will be a fruitful year as our graduate students are already trained 
and results from the second year are ready for interpretation and publication. Overall, our results 
will help to resolve one of the major outstanding scientific issues facing the carbon sequestration 
program: the rates of chemical reactions in geological formations. The results will benefit the 
program by introducing the development of numerical performance assessment models, which 
will reduce the costs of monitoring and design.  
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Figure 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. Navajo Sandstones Sample Preparation 
           Reddish Navajo sandstones were collected from N aquifer, Black Mesa, Arizona. A 
sandstone sample (MSE 136.5-137) was crushed and ground with an agate mortar and pestle, and 
then sieved to obtain the fraction between 50 and 100 μm. 10 grams of the resulting powder and 
150 mL DI water were placed into a 200-mL polyethylene bottle and ultrasonic cleaned at least 
five times of 10-min per treatment. The bottle was immersed into a water bath to keep cool when 
ultrasonicating. The supernatant was disposed and the remaining solid was freeze dried. Selected 
sand stone particles were dispersed onto a double stick tape which is mounted on a glass slide. 
The sample was carbon coated before observation under SEM.  
  

3.2. Batch Experiments 

The prepared grains (feldspar, sandstone, 
etc.) 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, 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 200 °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), 
while anions were analyzed by ion 
chromatography.  

The measured fluid chemistry 
including pH, when considered with 
distribution of aqueous speciation, taking 
explicit account of mass balance, mass action 
and charge balance constraints, together with 
constrains imposed by the revised HKF equation of state (Shock and Helgeson, 1988; Shock et 
al., 1989; Johnson et al., 1992; Shock et al., 1992; Sverjensky et al., 1997), permits calculation of 
ion activities of dissolved species.  
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3.3. Flow-through Experiments 

           The prepared sandstone grains were placed in a one-pass, tubular flow-through circulation 
apparatus. All wetted parts, with the exception of the back-pressure regulator (316 stainless steel), 
were constructed of high grade titanium in order to limit the effects of corrosion. Inflowing 
solutions were pumped by a HPLC pump at a rate of 0.82 ml/min. Solutions were preheated (to a 
maximum of 200°C) before contacting the sample, which resided midway in a tubular reactor. 
The horizontally-positioned reactor was heated independently by a tubular furnace. The system 
pressure was maintained at a constant value of 250 bars by the back-pressure regulator. The 
aqueous effluent was sampled at the downstream end of the regulator. 

 

3.4. Electron Micro Beam 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). 

Scanning Electron Microscopy (SEM) was conducted with a Philips XL 30 Field 
Emission Gun (FEG) SEM and an RJ Lee Instruments Personal SEM. The SEM has secondary 
and back scattered electron detectors for imaging, as well as an energy dispersive X-ray 
spectrometer with an EDAX ultrathin window CDU LEAP detector capable of analyzing light 
elements down to carbon. Feldspar grains were made into double-sided, polished petrographic 
thin-sections. The drill cutting samples were mixed with epoxy, secured into 1-inch phenol rings 
and gently polished to a smooth, flat surface. For grain mounts, sand grains were sprinkled onto 
double-sided tape. Samples were coated with a layer of carbon before SEM analysis. The 
compositions of feldspars were determined by wavelength dispersive X-ray spectroscopy using a 
CAMECA SX50 electron microprobe.  

TEM observations were performed using a Philips CM300FEG microscope operated at 
295 kV and a JEOL 2010 microscope operated at 200 kV.  X-ray microanalyses were performed 
using a Philips EM 420 microscope equipped with an Oxford Si (Li) energy-dispersive X-ray 
system (EDS) and analytical software Desk Top Spectrum Analyzer (DTSA) from the National 
Institute of Standards and Technology. Data reduction was carried out using the standard Cliff-
Lorimer method implemented in the DTSA. 

Two TEM sample preparation methods were used, crushing and ion milling. In the first 
method, samples were ground in an agate mortar, suspended in ethanol, and then dropped on 
holey carbon film supported by a standard Cu TEM grid and air-dried. In the second method, 
specimens were prepared by cutting from petrographic thin sections and mounted onto single-
hole Cu grids. Cu grids were mounted on the focus area, and the sample was further thinned to 
~100 nm, using an ion beam. Finally, a very thin carbon film was coated onto the ion milled 
samples.  
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4. Results and Discussion 
4.1. Alkali-feldspar dissolution experiments 

             Five-day experiments were performed to complement the experiments completed in the 
first year (Experiments #1 and #2 in Table 1). The experimental conditions were the same, 
alkali-feldspar dissolution experiments with and without the presence of CO2 at 200 °C, 300 bars. 
40 grams KCl solution and 2 (with 50 mmol/kg CO2) or 1.5 grams (without CO2) treated alkali-
feldspar sample were used in the experiments. The presence of CO2 buffered the initial solution 
to pH 4.0, whereas the fluid of system without CO2 was acidified to pH 3.1 (at 25 °C and 1 bar) 
by addition of dilute HCl. Time series changes in the fluid chemistry of two alkali-feldspar-fluid 
systems are presented in Table 2 and Figure 3 (without CO2) and Table 3 and Figure 4 (with 
CO2), respectively. For comparison, the results of the first year alkali-feldspar dissolution 
experiments are also listed (Tables 2 and 3).  The results of the 5-day experiments were in 
excellent accordance to the experiments in first year (Tables 2 and 3).  

             For the alkali-feldspar-fluid system without CO2, as anticipated from constraints 
imposed by the relative abundance of fluid and mineral used for the experiment, dissolved K+ 
and Cl- concentrations remained relatively constant (Table 2 and Figure 3). Although Alkali 
feldspars dissolution releases K+ into solution, the amount of this K+ represents a small fraction 
of that initially available in the fluid (200 mmol/kg). Accordingly, dissolved K+ can be 
considered buffered throughout the experiment. In contrast, the dissolved concentrations of Na+, 
Ca2+and SiO2 increase gradually as alkali-feldspar feldspars dissolution reaction proceeded 
(Table 2 and Figure 3). During the whole experiment, pH values increased with reaction progress 
(Table 2).  

 
Table 2. Time-dependent changes in the composition of major dissolved species in aqueous fluid 
coexisting with alkali-feldspar at 200oC and 300 bars. The overall analytical error 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. 

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

0 198.3 204.0 - - 3.72 - 3.0 3.1 
1 197.5 202.8 0.31 0.42 0.12 0.01 3.2 3.3 

5*   1.31 0.88 0.35 0.005 3.0**  
9 198.7 201.1 1.46 1.13 0.21 - 3.5 3.6 

19 196.8 197.8 1.70 2.04 0.43 0.08 4.1 3.6 
34 197.9 204.3 1.35 1.86 0.16 0.03 4.2 3.9 
57 199.5 197.0 4.18 3.72 0.30 0.01 4.9 4.8 
78 199.4 196.5 3.75 1.91 0.35 - 4.9 4.9 

Note: Except the data of the 5-day experiments, all the data were from experiments performed in year one. The data 
are slightly different from those in the first year’s report because we re-measured some samples and got new data. 
*5-day alkali-feldspar dissolution experiment without CO2 at 200 oC and 300 bars. ** Starting pH measured at room 
temperature. 
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Figure 3. Experimental results of change in Na, Si, Ca and Al concentrations with time during 

the course of alkali-feldspar dissolution without the presence of CO2.  
 
             For the alkali-feldspar-fluid system with CO2, the dissolved concentrations of Na+, 
NH4

+and SiO2 increase gradually as the alkali-feldspar dissolution reaction proceeded and 
dissolved K+ and Cl- concentrations remained relatively constant  (Table 3 and Figure 4). 
 
Table 3. Time-dependent changes in the composition of major dissolved species in aqueous fluid 
coexisting with Alkali-feldspar at 200oC and 300 bars in the presence of CO2. The overall 
analytical error is ±5%.  
 

Time Cl- K+ SiO2 Na+ Ca2+ Al3+ pH 
(days) (mmol/kg) (25oC) 

1 199.2 196.3 0.40 0.26   4.3 
5*  159.1 1.96 1.89 0.16 0.006 4.0** 
6 196.5 194.3 1.88 0.45   4.5 

13 197.5 195.4 2.30 0.93   5.0 
20 199.4 196.2 2.42 1.41   5.1 
27 198.8 195.4 2.49 0.97   5.1 

Note: Except the data of 5-day experiments, all the data were from experiments performed in year one.  
*5-day alkali-feldspar dissolution experiment with CO2 at 200oC and 300 bars. ** Starting pH at room temperature. 
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Figure 4. Experimental results of change in Na, Si, and NH4

+ concentrations with time during the 
course of alkali-feldspar dissolution with the presence of CO2. 

 
 SEM photomicrographs (see figure 5) of products following batch dissolution 

experiments show dissolution etch pits, demonstrating that dissolution has occurred. Larger and 
deeper etch pits and more secondary minerals are observed on the feldspar grains after 
Experiment 1 (with CO2) than after Experiment 2 (without CO2), showing that Experiment 1 
reacts more extensive than Experiment 2.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 5. SEM backscatter electron micrographs show that the same feldspar particles after the 
hydrothermal reaction experiment. left: without CO2; right: with CO2.  
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The surface chemistry of alkali-feldspar was analyzed as well by X-ray photoelectron 
spectroscopy (XPS), before and after the experiment for the alkali-feldspar-fluid system without 
CO2 (exp 2). Results showed that the K/Al and Al/Si mole ratios are 0.66 and 0.37, respectively 
before the experiment (Table 4), which is consistent with electron microprobe analysis results. 
The Al/Si mole ratio increased significantly to 1.06 after the experiment, while K/Al decreased 
to 0.35. The increase of Al/Si and the decrease of K/Al on the alkali-feldspar surface following 
the experiment indicate the existence of a secondary mineral phase in which Al has higher 
compositional percentage than in “K-feldspar” or albite at the alkali-feldspar-fluid interface.  
 

Table 4. XPS surface composition results* of alkali-feldspar from experiment in 
comparison with theoretical values for “K-feldspar” and kaolinite. The data 
indicate a significant increase in Al/Si consistent with the existence of aluminum 
rich secondary phase at the alkali-feldspar-fluid interface.  
 

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

Starting alkali-feldspar 5.7 8.7 62.2 23.4 0.66 0.37 
Alkali-feldspar Product 5.7 16.3 62.6 15.4 0.35 1.06 
K-feldspar 7.7 7.7 61.5 23.1 1 0.33 
Kaolinite - 20.9 55.8 21.8 - 1 

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

 

4.2. “K-feldspar” dissolution experiments 
           A batch experiment involving “K-feldspar” dissolution in Na-bearing (~0.05 NaCl mol/kg) 
fluid at 200 °C, 300 bars with the presence of CO2 (6.0 mmol/kg) was conducted at the 
University of Minnesota.  Time series changes in the fluid chemistry of K-feldspar-fluid systems 
are shown in Table 5 and Figure 6.  The dissolved concentrations of K+ and SiO2 increase 
gradually as K-feldspars dissolution reaction proceeded and dissolved Na+ and Cl- concentrations 
remained relatively constant (Table 5 and Figure 6). Except at 28 day, the Al3+ concentration 
remained low during the course of feldspar dissolution (Table 5 and Figure 6). During the whole 
experiment, pH values increased with reaction progress (Table 5). X-ray diffraction and 
microprobe results show that K-feldspar sample was composed of 30% low albite and 70% 
microcline. Multipoint N2 gas adsorption isotherms were measured to obtain the specific surface 
area of 0.129 m2/g for feldspar.          
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Table 5. Time-dependent changes in the composition of major dissolved species in aqueous fluid 
coexisting with “K-feldspar” at 200 oC and 300 bars. 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. 
 

Sample Time Na+ Mg2+ K+ SiO2 Al3+ Ca2+ Li+ NH4
+ Cl- CO2(aq) pH 

 (days) (mmol/kg) 25oC In-situ*
starting 0 50.22 0.01 0 0 0 0.03 0 0.01 48.18  - - 

#1 1 50.03 0.01 0.37 1.40 0.02 0.03 0.01 0.05 48.41 6.1 5.3 6.1 
#2 17 49.87 0.01 0.87 2.80 0.03 0.03 0.01 0.05 49.53 6.2 5.4 6.2 
#3 28 49.50 0.05 0.87 2.92 0.18 0.13 0.01 0.04 49.97 6.0 5.5 6.2 
#4 49 49.63 0.01 0.80 2.86 0.02 0.17 0.01 0.05 49.85 6.2 5.6 6.4 
#5 77 50.13 0.02 0.79 2.72 0.03 0.05 0.01 0.18 49.80 6.1 5.4 6.2 
#6 141 50.65 0.02 1.01 3.04 0.02 0.05 0.01 0.14 50.11 6.1 5.7 6.6 
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Figure 6. Experimental results of change in K, Si, and Al concentrations with time during the 
course of “K-feldspar” dissolution with the presence of CO2. 
 
XPS analysis was performed on starting “K-feldspar” mineral and experiment products. Results 
showed that the Al/Si mole ratios changed significantly from 0.37 to 0.75 in experiment with 
CO2-bearing aqueous fluid at relatively high pH, and to 1.06 without dissolved CO2 at relatively 
low pH, respectively (Table 6). The increase of Al/Si of “K-feldspar” surface following the 
experiment was consistent with the existence of aluminum rich secondary phase at the K-
feldspar-fluid interface. 
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Table 6. XPS surface composition results* of “K-feldspar” from experiments in comparison with 
theoretical values for “K-feldspar” and muscovite.  
 

 K  Al O Si Al/Si 
 mole% mole ratio 

Starting K-feldspar 5.7 8.7 62.2 23.4 0.37 
“K-feldspar” Product#1† 5.3 13.6 62.9 18.2 0.75 
“K-feldspar” Product#2§ 5.7 16.3 62.6 15.4 1.06 
K-feldspar 7.7 7.7 61.5 23.1 0.33 
Muscovite 5.3 15.8 63.1 15.8 1 

*Each result reflects the average value of 4 measurements from 
 different “K-feldspar” grains within the same sample. 
† Dissolution of “K-feldspar” with CO2-bearing aqueous fluid at 
 relatively high pH at 200oC and 300 Bars. 
§ Dissolution of “K-feldspar” without dissolved CO2 at relatively 
 low pH at 200oC and 300 Bars. 

4.3. Navajo Sandstone Experiments 
           Our second set of experiments was on Navajo Sandstone, to test the feasibility of using 
red beds as storage of mixed CO2. We have completed the three experiments and measured the 
major and trace element concentrations of the fluids from the hydrothermal experiments. 

           The first Navajo Sandstone dissolution experiment was a batch experiment at 200oC and 
300 Bars. The major mineral component of Navajo Sandstone is quartz, with ~2% feldspars 
(Harshbarger et al., 1957; Dulaney, 1989; Zhu, 2005). 4 grams of Navajo sandstone were reacted 
with  40 grams 200 mmol/kg KCl solution in the presence of 20 mmol/kg CO2 (aq). The results 
are presented in Table 7 and 8. During the experiment, dissolved K+ and Cl- concentrations 
remained relatively constant (Table 7). Dissolved SiO2 increased, reaching 2.20 mmol/kg by the 
end of experiment. The dissolved concentrations of Mg2+ also increased with time. There was 
almost no change for dissolved CO2 concentration throughout the experiment, while pH values 
increased slowly with reaction progress. Generally, the dissolved concentrations of most of 
minor and trace elements approached steady-state values within first 48 hours (Table 8).  
 
Table 7. 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%. 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. 
Sample Time K+ SiO2 Al3+ Na+ Mg2+ Ca2+ NH4

+ Cl- SO4
2- CO2(aq) pH 

 (days) (mmol/kg) 25oC In-situ*
starting 0 197.26 - - 0.17 - - 0.10 200.77 0.04 20.3 - - 

#1 2 195.00 0.89 0.01 0.26 0.09 0.29 0.25 193.33 0.16 19.2 4.7 5.5 
#2 6 190.42 1.70 0.01 0.08 0.11 0.26 0.20 197.76 0.05 19.7 4.8 5.5 
#3 14 193.32 2.03 0.10 0.14 0.17 0.34 0.27 192.38 - 19.5 4.9 5.5 
#4 23 199.60 2.20 0.02 0.05 0.19 0.33 0.16 193.66 0.18 19.6 4.9 5.6 
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Table 8. Time-dependent changes in the composition of minor and trace dissolved 
species in CO2-bearing aqueous fluid coexisting with Navajo sandstone at 200oC 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 - - - - - - 0.10 0.24 0.29 0.01 0.01 0.01
#1 - - 1.70 0.09 0.01 - 0.06 0.32 0.27 0.36 0.01 0.22
#2 - - - 0.08 - - 0.13 0.20 0.27 0.36 0.01 0.30
#3 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 0.05 - 0.67 0.12 - 0.18 0.09 0.17 0.32 0.35 0.02 0.24

 
           The second Navajo Sandstone dissolution experiment was a batch experiment at 200oC 
and 300 Bars. 4 grams of Navajo sandstone were reacted with  40 grams 200 mmol/kg KCl 
solution without the presence CO2 (aq) at pH 3. The results are presented in Tables 9 and 10. 
During the experiment, dissolved K+ and Cl- concentrations remained relatively constant (Table 
9). Dissolved SiO2 increased, reaching 4.0 mmol/kg at 7 day, suggesting that sandstone dissolved 
much faster in the system without CO2 compared with the sandstone-CO2 system. The dissolved 
concentrations of Mg2+ also increased with time. pH values increased fast with reaction progress. 
Generally, the dissolved concentrations of most of minor and trace elements approached steady-
state values within first 24 hours (Table 10). 
 
Table 9. Time-dependent changes in the composition of major dissolved species in aqueous 
fluid coexisting with Navajo sandstone at 200oC and 300 bars. 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 (see text). 

 
Sample Time K+ SiO2 Al3+ Na+ Mg2+ Ca2+ NH4

+ Cl- pH 
 (days) (mmol/kg) 25oC In-situ*

starting 0 203.86 - - 0.11 - - 0.11 188.25   
#1 1 197.28 1.63 0.14 1.42 0.77 1.15 0.07 184.91 3.6 3.3 
#2 7 200.07 4.00 0.03 0.14 1.03 1.17 0.07 182.93 4.6 4.0 

 
Table 10. Time-dependent changes in the composition of minor and trace dissolved species 
in aqueous fluid coexisting with Navajo sandstone at 200oC 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

 
           The third Navajo Sandstone dissolution experiment was a flow-through experiment at 
200oC and 250 Bars. 5 grams of Navajo sandstone were reacted with 200 mmol/kg KCl solution 
without the presence CO2 (aq) at pH 3.9. The flow rate is 0.82 ml/min. The results are presented 
in Table 11. During the experiment, dissolved K+ and Cl- concentrations remained relatively 
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constant (Table 11). The dissolved concentrations of Si and Mg approached steady-state values 
within first 4 hours. pH values increased slowly with reaction progress.  
 
Table 11. Time-dependent changes in the composition of major dissolved species in aqueous 
fluid coexisting with Navajo sandstone at 200oC and 300 bars. 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. 

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 5.0 
#2 4 209.45 0.26 - 0.02 0.04 - 198.79 5.3 5.1 
#3 13 207.01 0.24 - 0.05 0.03 0.01 197.34 5.3 5.1 
#4 23.5 204.83 0.18 - 0.30 0.05 0.02 196.78 5.5 5.2 

 
Dissolution rate 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 in quartz, and A is the total 
surface area in m2/g. The average dissolution rate is 6.85 ×10-10 mol m-2s-1 (Table 12). 
 
Table 12. Dissolution rates of Navajo sandstone in the experiment with flow-through apparatus 
at 200oC 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 7.79×10-11 
#2 1.03×10-9 
#3 9.33×10-10 
#4 7.01×10-10 

Average 6.85×10-10 
 

SEM photomicrographs of products following batch dissolution experiments (Figures 8 
and 10) were compared with reactants (Figure 7). EDS results confirmed that these particles 
shown in Figure 8 are quartz (Figure 9). Some secondary minerals were formed between 
sandstone particles, demonstrating that dissolution has occurred (Figures 8 and 10). According to 
the EDS results, the secondary minerals could be clay and Fe-bearing minerals (siderite, FeCO3). 
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Figure 7. SEM micrograph shows that Navajo sandstone before the hydrothermal experiment.  
 

 
 

Figure 8. SEM micrograph shows that Navajo sandstone after the hydrothermal experiment.  
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Figure 9. EDS results confirmed that these particles shown in Figure 8 are quartz. 
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Figure 10. SEM micrograph (upper) shows the connection part of two quartz particles after the 
hydrothermal experiment. Fe particles and the “film” are visible. EDS (lower) shows the 
chemical compositions of Fe particles (siderite, FeCO3). 
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4.5. Geochemical Modeling  

 We accomplished the modeling of alkali-feldspar-fluid system without CO2, and 
established a procedure for geochemical modeling of hydrothermal experiments, which includes 
building up a thermodynamic database at temperature and pressure of interest, calculating 
reaction constants of aqueous specious dissociation and mineral formation reactions, 
constructing a phase diagram, calculating saturation indices, and performing reaction path-
modeling. In addition, numerical modeling of “K-feldspar” dissolution and alkali-feldspar-fluid 
system with CO2 are on-going. The following materials focus on reaction path models of alkali-
feldspar-fluid system without CO2. As stated before Ab and Ksp refer to Na-rich 
(Ca0.04Na0.95K0.01Al1.04Si2.96O8) and K-rich (K0.85Na0.15Al1.04Si2.97O8) lamellae of alkali-feldspar. 

            Reaction path models calculate a sequence of equilibrium states or steady states involving 
incremental or step-wise mass transfer between the phases within a system, or incremental 
addition or subtraction of a reactant from the system (Helgeson, 1968b; Helgeson et al., 1969a). 
The calculated mass transfer is based on the principles of mass balance, partial and local 
equilibrium, and reaction kinetics.  

Feldspar hydrolysis is the system in which (Helgeson, 1968b) developed the reaction-
path modeling approach. Although the original example was based on local and partial 
equilibrium (Helgeson, 1968b; Helgeson et al., 1969a; Helgeson, 1979). HELGESON and MURPHY 
(1983) added feldspar dissolution kinetics into the model. LASAGA (1998) further showed that 
different reaction paths will result from different relative rates of feldspar dissolution and 
secondary mineral precipitation. 

Reaction path calculations were carried out to examine feldspar dissolution and 
secondary minerals precipitation processes. In the K2O-Al2O3-SiO2-H2O-HCl activity-activity 
diagram, reaction path starts from boehmite field, through kaolinite field, to muscovite field, and 
approaching microcline field. In the Na2O-Al2O3-SiO2-H2O-HCl activity-activity diagram, the 
reaction path starts from boehmite field, but terminates in kaolinite field. Boehmite, kaolinite, 
and muscovite are considered as the secondary minerals. The simulation of Ab dissolution rates 
with rate equation adapted from Burch et al. (1993) is consistent with average rates of alkali-
feldspar based on the change of Si concentration from experimental data. The saturation indices 
of both the simulations of Ab and Ksp dissolution process are consistent with those calculated 
based on experimental data. Following Hellmann and Tisserand (2006), the R-∆Gr rates curve 
was divide into 3 distinct regions: the “far-from-equilibrium” region (∆Gr < -69 KJ mol-1), the 
“transition equilibrium” region (-69 ≤ ∆Gr ≤ -25 kJ mol-1), and the “near equilibrium” region 
(∆Gr > -25 kJ mol-1). The curve of [Si]:[Al] stoichiometry with ∆Gr is inconsistent with data 
from the experiment and saturation indices of secondary minerals (boehmite, kaolinite, and 
muscovite) do not match well with the saturation indices calculated with solution chemistry data, 
especially during the early stage of precipitation, implying that the simple rate law (based on 
transition state theory) we used was incapable to simulate the real situation of secondary 
minerals precipitation. The amounts of boehmite, muscovite, and kaolinite increase gradually 
from 0 to 2.42 × 10−4, 3.2 × 10−4, and 1.69 × 10−4 moles respectively during the course of 78 
days’ simulation.  

The calculated and analyzed concentrations of Al, Si, and Na as a function of time are 
compared in Fig. 11a. After a short period (4 days) of a very steep increase in Si and Na 
concentrations, a less steep and almost constant increase of concentrations is observed, which is 
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consistent with experimental data. The calculated Al concentrations before 19 days are 
inconsistent with measured Al data. A gradual decrease in calculated Al concentrations after a 
steep increase in the first 3.5 days was observed. But an increase in Al concentrations during 9 to 
19 days was found in the experimental data (Fig. 11a). The inconsistence may be due to the 
uncertainty of Al analysis and the simple rate law (based on transition state theory) we used for 
secondary mineral precipitate was incapable to predict the secondary minerals precipitation rates 
in the first 19 days’ reaction.  

The calculated pH (Fig. 11b) is gradually increased from 3.1 to about 5.1 with the 
reaction progress, which is consistent with experimental results.  

            The changes with time in Ab dissolution rates are shown in Fig 12a. During the first day 
simulation, the solution is highly undersaturated with respect to Ab. After this stage, the rate 
decreased sharply for about half order of magnitude during 1 to 4 days, corresponding to rapid 
change in saturation indices from -6.4 to -4.3 (Fig. 17). Ab dissolution rates decrease slowly for 
about 1 order of magnitude until the end of the simulation (SI change from -4.3 to -1.6). In 
contrast, Ksp dissolution rates (Fig. 12b) drop sharply for about 2 orders of magnitude at the first 
3 days corresponding to saturation indices changing rapidly from -6.3 to -0.92. After that the 
rates decrease slowly for about 2 orders magnitude during 3 to 15.5 days, corresponding to 
saturation indices change from -0.92 to 0 (equilibrium). After the solution is saturated with 
respect to Ksp, Ksp rates decrease sharply until the rate plateau (from 16 to 78 day) is reached. 
Thermodynamically, Ksp dissolution is suppressed because dissolution of Ksp will compete with 
dissolution of Ab. Only dissolution of one mineral is allowed and Ab dissolution is 
thermodynamically favored. However, kinetically, both Ab and Ksp tend to dissolve, and are 
controlled by different dissolution rates. A total of 9 × 10−6 moles of Ksp and 1.179 × 10−3 moles 
of Ab dissolve during entire simulation. Ab dissolution is the dominant process and its rates are 
comparable with average rates of alkali-feldspar based on the change of Si and Na concentration 
from experimental data (Fig. 12a).  

Fig. 13 shows calculated rates of Ab dissolution vs. ∆Gr.  The R-∆Gr rates curve is highly 
non-linear and show a sigmoidal trend and are characterized by three distinct regions (Hellmann 
and Tisserand, 2006), whose exact limits are somewhat subjective: ∆Gr < -70 KJ mol-1 represents 
“far-from-equilibrium” dissolution and a rate plateau, here the rates are constant (7.1 × 10−10 

mole m-2s-1) and independent of ∆Gr; the “transition equilibrium” region, -70 ≤ ∆Gr ≤ -25 kJ mol-

1, characterized by a sharp decrease in dissolution rates (from 7.1 × 10−10 to 7.4 × 10−11 moles m-

2s-1) with increasing ∆Gr, indicating a strong inverse dependence on ∆Gr; the “near equilibrium” 
region, ∆Gr > -25 kJ mol-1, where the rates (decreased from 7.4 × 10−11 to 2.0 × 10−11 mole m-2s-1) 
show a much less pronounced inverse dependence on ∆Gr. Note that the hypothetical datum R = 
0, ∆Gr = 0 represents chemical equilibrium. It took about 19.8 year to approach chemical 
equilibrium in our simulation. Hellmann and Tisserand (2006) showed the same type of curve. 
The calculated Ab dissolution rates are comparable to average rates of alkali-feldspar based on 
experimental data of Si as a function of ∆Gr. (As ∆Gr is a function of time, the sampling times 
are converted to ∆Gr values from simulation).  
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Figure 11.  The calculated change in Na, Si and Al concentrations (a) and pH evolution (b) 
compared with experimental data with time during the course of alkali feldspar dissolution. 
Secondary phases are allowed to precipitate in this simulation.  
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Figure 12. The calculated change in (a) Ab and (b) Ksp dissolution rates with time during the 
course of alkali feldspar dissolution. Secondary phases are allowed to precipitate in this 
simulation. Ab dissolution rates are comparable to average rates of alkali-feldspar based on 
experimental data of Si and Na. 
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Figure 13. Calculated rates of Ab dissolution based on an overall rate expression (Eq.(5)) 
composed of two parallel rate laws as a function of ∆Gr, compared to average rates of alkali-
feldspar based on experimental data of Si and Na (as ∆Gr is a function of time, the sampling 
times are converted to ∆Gr values from simulation). The R-∆Gr rates curve are highly non-linear 
and show a sigmoidal trend, and are characterized by three distinct regions, whose exact limits 
are somewhat subjective: ∆Gr < -75 KJ mol-1 represents “far-from-equilibrium” dissolution and a 
rate plateau, here the rates are constant and independent of ∆Gr, Al]; the “transition equilibrium” 
region, -75 ≤ ∆Gr ≤ -25 kJ mol-1, characterized by rates with a strong inverse dependence on ∆Gr; 
the “near equilibrium” region, ∆Gr > -25 kJ mol-1, where the rates show a much less pronounced 
inverse dependence on ∆Gr. Note that the hypothetical datum R = 0, ∆Gr = 0 represents chemical 
equilibrium.  
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Fig. 14 shows Si:Al ratio as a function of ∆Gr compared with experimental data (as ∆Gr 
is a function of time, the sampling times are converted to ∆Gr values from simulation). At the 
“far-from-equilibrium” conditions, ∆Gr < -70 kJ mol-1, the [Si]:[Al] value of the experiment is 
much higher than the calculated one, implying the incongruent dissolution behavior. At 
“transition equilibrium” region (-70 ≤ ∆Gr ≤ -25 kJ mol-1), the calculated [Si]:[Al] ratio increased 
sharply after a relatively stable [Si]:[Al] values at the early stage, implying that the large amount 
of secondary minerals precipitate in this region. The curve of [Si]:[Al] values is incapable to 
predict the experimental values in early stage of this region but matches pretty well in the later 
stage. At the “near equilibrium” region, ∆Gr > -25 kJ mol-1, the calculated [Si]:[Al] ratio 
decrease sharply, which is much lower than the experimental value. The discrepancy of [Si]:[Al] 
ratio between calculation and experiments may be due to the difference of secondary minerals 
formation controlled by different precipitation rates laws other than the “simple” rate law based 
on transition state theory.  
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Figure 14. Calculated Evolution of [Si]:[Al] stoichiometry as a function of ∆Gr, compared to 
experimental data (as ∆Gr is a function of time, the sampling times are converted to ∆Gr values 
from simulation).  

 
          During our simulation, precipitation of boehmite occurs immediately as alkali-feldspar 
dissolves, but the occurrence of kaolinite and muscovite precipitation is postponed to 0.23 and 
0.34 d, respectively. Boehmite, muscovite, and kaolinite precipitate continuously during the 
course of alkali-feldspar dissolution. The accumulated precipitation amounts of boehmite, 
kaolinite, and muscovite are 0 to 8.83 × 10−4, 1.53 × 10−4, and 1.61 × 10−5 moles, respectively 
during the course of 78 days (Fig. 15).  
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A sharp increase of boehmite (0 to 3.82 day, maximum rate as 4.9 × 10−10 mol/s), 
kaolinite (0.23 to 5.9 day, maximum rate as 7.6 × 10−11 mol/s), and muscovite (0.34 to 6.25 day, 
maximum rate as 5.74 × 10−12 mol/s) rates followed by a gradual decrease was observed (Figure 
16), corresponding to saturation indices changing rapidly from being undersaturated to being 
supersaturated with the maximum values of 2.39 for boehmite, 4.67 for kaolinite, and 6.75 for 
muscovite, and then gradually reduce to 1.04 for boehmite, 3.05 for kaolinite, and 6.07 for 
muscovite (Figure 17b). However, the saturation indices of these secondary minerals do not 
match well with those calculated with solution chemistry data before 19 days’ simulation. This 
may be also due to simple rate law (based on transition state theory) we used was incapable to 
simulate the real situation of secondary minerals precipitation or uncertainty of Al analysis for 1 
and 9 day’s samples, or both. There is little knowledge about secondary mineral precipitation 
rates, especially during the early stage of precipitation when crystal nucleation and growth 
involves (e.g., Hodson, 2003). 
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Figure 15.  The calculated change in moles of secondary minerals with time during the course of 
alkali feldspar dissolution.  
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Figure 16.  The calculated change in secondary mineral precipitation rates with time during the 
course of alkali feldspar dissolution.  
 

With the equilibrium constants of mineral formation reactions and calculated total Na and 
K activities at 200 °C and 300 bars using the code PHREEQC, as well as in-situ pHs calculated in 
this study (Table 2), we are able to plot activity diagrams in the K2O-Al2O3-SiO2-H2O-HCl 
(Figure 18) and Na2O-Al2O3-SiO2-H2O-HCl (Figure 19) systems. In K2O-Al2O3-SiO2-H2O-HCl 
activity-activity diagram, reaction path starts from boehmite field, through kaolinite field, to 
muscovite field, and approaching microcline field; In Na2O-Al2O3-SiO2-H2O-HCl activity-
activity diagram, the reaction path starts from boehmite field, but terminates in kaolinite field. 
Based on the phase diagrams, boehmite, kaolinite, and muscovite are the appropriate secondary 
minerals to be considered.  

           The calculated reaction paths of alkali-feldspar dissolution show a similar trend as those 
observed in experiments solution chemistry (Figs. 18 and 19). In Na2O-Al2O3-SiO2-H2O-HCl 
system, the discrepancy of log activity of Na+/H+ in early stage may be due to the non-
stoichiometric dissolution of feldspar, i.e., preferential release of Na+, K+ with respect to Si 
and/or initial release behavior which can be described by a rapid surface ion exchange reaction 
(Fung et al., 1980; Helgeson et al., 1984; Chou and Wollast, 1985). The reaction paths 
discrepancy in K2O-Al2O3-SiO2-H2O-HCl system is not as much as in Na2O-Al2O3-SiO2-H2O-
HCl system, because (1) Ab dissolution is the dominant process and (2) the discrepancy of log 
activity of K+/H+ in early stage is masked due to high concentration of K (~0.2 M) in initial 
solution. 
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Figure 17.  The calculated change in saturation indices evolution of (a) Ab and ksp and (b) 
boehmite (Boe), muscovite (Mus), and kaolinite (Kao) with experimental data with time during 
the course of alkali feldspar dissolution. 
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Figure 18. Activity diagram in the K2O-Al2O3-SiO2-H2O-HCl system at 200°C and 300 bars. 
Fine dashed lines are quartz saturation line and boehmite boundary, respectively. Red line shows 
the reaction path of this simulation.  
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Figure 19. Activity diagram in the Na2O-Al2O3-SiO2-H2O-HCl system at 200°C and 300 bars. 
Fine dashed lines are quartz saturation line and boehmite boundary, respectively. Red line shows 
the reaction path of this simulation.  
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5. Conclusions 
This research project addresses some critical and urgent needs of the carbon sequestration 

program. The research program is built upon the PIs’ substantial previous work in the field of 
water-gas-rock interactions, including some work in the carbon sequestration program. Hence, 
the funded work can be easily integrated with the NETL in-house research, and NETL-sponsored 
programs of field tests of injecting CO2 into deep geological formations (Frio sandstone, Sleipner, 
and Weyburn projects), and mineral carbonation and brine sequestration programs (NETL, Los 
Alamos, Albany Research Center). Zhu has regular contact or formal/informal collaboration with 
many of the principal investigators in these programs. 

Specially, during the second year of the three year project, we have accomplished the 
following: 
 

• We successfully completed two batch type experiments and one flow-through experiment 
with Navajo sandstone and obtained time series solution chemistry data. An additional 
batch experiment was initiated with dawsonite. We also performed additional 5-day 
experiments at the same conditions as alkali-feldspar dissolution experiments with and 
without the presence of CO2 performed in the first year to check the validation of the 
experiments and analysis. The products from these experiments were analyzed. 

 
• We made significant progress on characterization of the reaction products by using SEM, 

TEM, and XPS.  
 
• We conducted geochemical modeling work on interpretation of experimental results of 

alkali-feldspar dissolution experiments without the presence of CO2. 
 

• Two manuscripts are near completion.  
 

Feldspar dissolution in natural waters often proceeds by consecutive reactions involving 
several steps to form the thermodynamically stable phase. The pioneering work to model 
feldspar dissolution as a system of coupled dissolution and precipitation was by Helgeson and 
coworkers (Helgeson, 1968a; Helgeson et al., 1969b). In their models, feldspar dissolution is 
treated as a kinetic process while equilibrium with respect to the secondary phases is assumed.  
The assumption of partial equilibrium for the formation of secondary phases during feldspar 
dissolution is greatly challenged by three lines of evidence, including field observation (Zhu et 
al., 2004; Zhu et al., 2006), experimental investigations (Nagy and Lasaga, 1993; Small, 1993; 
Price et al., 2005), and numerical modeling (Lasaga, 1984; Steefel and Van Capppellen, 1990; 
Lasaga et al., 1994; Lasaga, 1998), supporting that the formation of secondary minerals is a slow 
process once supersaturation with respect to a mineral is attained. Use of the assumption of 
partial equilibrium with respect to secondary phases in feldspar dissolution must be re-evaluated 
(Steefel and Van Capppellen, 1990). In the modeling study of Helgeson and coworkers 
(Helgeson, 1968a; Helgeson, 1969), kinetics of the secondary phases was not reported. As 
discussed in our modeling results, the kinetics of the secondary phases are coupled with feldspar 
dissolution, allowing kinetic simulation of precipitation and dissolution within the same 
environment.  
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The results show the inhibition of the feldspar dissolution followed by a large decrease in 
precipitation rates of boehmite, kaolinite and muscovite. These results can directly be compared 
with the field observations (Zhu et al., 2004; Zhu and Blum, 2005). Given the similar kinetics, 
kaolinite and muscovite precipitates while the enhanced feldspar dissolution is equally taken into 
account. The buildup of the Al or Si in the solutions is attributable to the assumed slow 
precipitation of kaolinite and muscovite, and simultaneously producing the overall similar 
pattern in the secondary minerals. A comparison of the simulated dissolution rates demonstrates 
that feldspar dissolution adequately reveals the influences of the kinetics of secondary minerals. 

In summary, we have largely met or exceeded the milestones during the second year. We 
anticipate that the third year will be a more fruitful year as our graduate students are already 
trained and results from the second year are ready for interpretation and publication. Overall, our 
results will help to resolve one of the major outstanding scientific issues facing the carbon 
sequestration program: the rates of chemical reactions in geological formations. The results will 
benefit the program by introducing the development of numerical performance assessment 
models, which will reduce the costs of monitoring and design.  
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