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Peng Lu
COUPLED FELDSPAR DISSOLUTION-CLAY PRECIPITATION KINE TICS
AND LEAD SORPTION ONTO FERRIHYDRITE NANO-PARTICLES

One of the fundamental problems in modern geochemistry is the significant
discrepancy between laboratory-measured and field derived feldspar disscditis.
Zhu et al. (2004) proposed a new hypothesis for explaining the laboratory—field
discrepancy wherein the slow kinetics of secondary clay precipitationngtéhimiting
step and thus controls the overall feldspar dissolution rate. We conducted new feldspar
dissolution batch experiments and performed geochemical modeling togest thi
hypothesis. The experimental results show that partial equilibrium wadaioedt
between secondary minerals and aqueous solutions for the feldspar hydrolysis batch
systems. Modeling results show that a quasi-steady state wasdeAtthe quasi-steady
state, dissolution reactions proceeded at rates that are orders of magoweddlen the
rates measured at far-from-equilibrium. Results reported in this tdisserend support
to Zhu et al. (2004) hypothesis and showed how the slow secondary mineral precipitation
provides a regulator to explain why the systems are held close to equilibrium and show
how the most often-quoted “near equilibrium” explanation for an apparentdield-
discrepancy can work quantitatively.

The second topic of this dissertation is Pb sorption onto ferrihydrite nano-
particles. The differences of adsorption and coprecipitation of Pb with iron oxyger
are studied with sorption edge measurements, High Resolution Transmission and
Analytical Electron Microscopy (HR TEM-AEM), and geochemical modeling.

Coprecipitation of PH with ferric oxyhydroxides occurred at ~ pH 4, about 0.5-1.0 pH

Vi



unit higher than F& precipitation. Coprecipitation is more efficient than adsorption in
removing PB" from aqueous solutions at similar sorbate/sorbent ratios. X-ray Diffraction
and HRTEM shows Pb-Fe coprecipitates are 2-line ferrinydritEl{and lepidocrocite.
Geochemical modeling shows that a surface complexation model can exptajtiads
experimental data well. In contrast, a solid solution model or a model of cahduhe
solution formation and surface complexation can fit coprecipitation expeahuaia

sets well. Hence, coprecipitation and adsorption experiments resulted inndiffére
incorporation mechanisms, which could result in different mobility, bioavaikabealitd

long-term stability of PB in the environment.
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CHAPTER 1

INTRODUCTION



1. COUPLED FELDSPAR DISSOLUTION-CLAY PRECIPITATION KINET ICS
Feldspars are the most intensely-studied silicate minerals for thgnltion

kinetics. This is partly because they are the most abundant minerals in therestrand
they comprise as much as 60% (by weight) of the Earth’s crust (Levin, 20@spd&ie
dissolution have important implications for many geologic, hydrologic and biologi
processes that include the compositional changes in ground and surface waterniong
capacity of soils to neutralize anthropogenic acidic rainfall (e.g., Reuss andidohns
1986), formation of Karst, acid mine drainage, inorganic nutrients balance (Huntington et
al., 2000), global elemental cycles (Lasaga et al., 1994), and global climate over
geological timescales (Berner and Berner, 1997). In addition, there has drean deal
of recent concern over global climate change, and its link to growing atmospheric
concentrations of carbon dioxide (©0OGeological carbon sequestration—the injection
of carbon dioxide (Cg) into deep geological formations—is presently the most
promising method of sequestering £®leased from the burning of fossil fuels (IPCC,
2005; International Energy Agency, 2006). A key challenge to geological carbon
sequestration involves the accurate prediction of kinetics of reactions ar@aniride,

and minerals in the geological formation, in which G©stored, and in the cap rocks
(e.q., shale/mudstone), which prevent,G8eping upward to the ground surface (IPCC,
2005).

Our ability to accurately quantify and model these processes would be greatly

enhanced by an improved understanding of feldspar dissolution kinetics. However, one of
the fundamental problems in modern geochemistry is the persistent two to fiveadrders

magnitude discrepancy between laboratory-measured and field deriveohfeld



dissolution rates (Paces, 1983; Velbel, 1990; Brantley, 1992; Blum and Stillings, 1995;
Drever and Clow, 1995; White and Brantley, 2003; Zhu, 2005; and references therein).
This discrepancy is huge and can lead to dramatically different modeluits réor
example, the laboratory rates indicate that a 0.1 mm feldspar sphere should awather
in ~250 years, whereas the field rates predict a feldspar lifetimdlmin®iof years
(calculations followed Lasaga, 1998).

Numerous hypotheses have been proposed in the literature to explain the
persistent huge gap between measured field and laboratory feldspartitingates.
These hypotheses include the possible armoring effects of the secondagafantimas
coat the feldspar grain surfaces (Correns and Von Engelhardt, 1938; Correns, 1940;
Helgeson, 1971, 1972; Luce et al., 1972; Paces, 1973; Busenberg and Clemency, 1976;
Chou and Wollast, 1984; Nugent et al., 1998), the possible effects of the leached layer
(Luce et al., 1972; Busenberg and Clemency, 1976; Chou and Wollast, 1984; Hellmann
et al., 1990; Brantley and Stillings, 1996; Hellmann, 1997; Nesbitt and Skinner, 2001,
Oelkers, 2001), the approach to saturation with respect to feldspars (Bucii @92
Gautier et al., 1994; Oelkers et al., 1994; Oelkers, 2001; Beig and Luttge, 2006;
Hellmann and Tisserand, 2006), unknown biological effects, and inhibition by adsorbed
Al** on feldspar surfaces (Chou and Wollast, 1985; Gautier et al., 1994; Oelkers et al.,
1994; Oelkers, 2001).

Recognizing the close association between the secondary and primarysiimera
the field, Zhu et al. (2004) proposed a new hypothesis focusing on the role of slow clay
precipitation kinetics in coupled feldspar dissolution/clay precipitationiogecthat are

known to operate on a variety of spatial and temporal scales of interest. Whemgiodel



feldspar dissolution reactions, it has long been assumed that a condition of partial
equilibrium exist between mineral products (e.g., clay minerals) and aqudotsns
(Garrels, 1967; Garrels and Mackenzie, 1967). However, field observation (Zhu et al
2004; Zhu et al., 2006), experimental investigations (Nagy and Lasaga, 19931 Blice e
2005; Small, 1993), and numerical modeling (Lasaga, 1984; Lasaga, 1998; Lasaga et al.,
1994; Steefel and van Capppellen, 1990) suggest that formation of secondary minerals
does not reflect equilibrium conditions but may be influenced by a slow reactiorc&ineti
Clay precipitation promotes the dissolution of feldspar by removing solutes from the
aqueous solution and maintaining a condition of feldspar undersaturation. Our
preliminary study shows that the feldspar dissolution and clay precipitatistrangly
coupled and sensitive to the rate of clay mineral precipitation (Ganor et al., 2003).

the slow precipitation of secondary minerals can raise the saturationfd&ltispar to

close to equilibrium and thus imposes a strong control on overall reaction kinetics.

To test this hypothesis, we have conducted experiments of feldspar and secondary
mineral precipitation in batch systems. As these reactions are too slow todweedea
under ambient temperature and circumneutral pH conditions (Ganor et al., 2007), the
experiments were conducted at 2@0and 300 bars and acidic pH. Although the
secondary minerals formed in these high temperature experiments mayeEnditiom
clays formed under ambient, weathering temperatures, the failure to aphréeak
equilibrium under hydrothermal conditions is highly likely an excellent indi¢htar
partial equilibrium with secondary minerals is also not attained under wiegther
temperatures. Chapter 2 presents new experimental data of solution ghewakition

and mineral characterizations of alkali-feldspar dissolution and secondaasaisi



formation in acidic solution (pH = 3.1) with the duration of 1872 h. Reactions proceeded
slowly and full equilibrium was not achieved, the relatively high temperatuteof
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 dissoluti@asied.
Chapter 3 is on alkali-feldspar dissolution and clay precipitation icb@ged systems
with the relevance to the geological carbon sequestration. The experineented show
that partial equilibrium was not attained between secondary minerals and aqueous
solutions for the feldspar hydrolysis batch systems. Evidences came from batmsolut
chemistry (supersaturation of the secondary minerals during the emt&ensgntal
duration) and metastable co-existence of secondary minerals. Chapter 4ednduc
speciation-solubility modeling and described the saturation indices anadneaaths in
terms of trajectories of aqueous chemical evolution on equilibrium activitytact
diagrams for experimental data in Chapter 2, Chapter 3, and Alekseyev et al. (b@97). T
modeling results demonstrated: (1) the experimental agueous solutions were
supersaturated with respect to product minerals for almost the entire duratien of t
experiments; (2) the agueous 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 evehefter t
solution chemistry had evolved into the stability fields of minerals lower in the
paragenesis sequence. These three lines of evidence signify that prodrat mi
precipitation is a slow kinetic process and partial equilibria between agselotisn and

product minerals were not held. Chapter 5 reports results of numericadmgazeth



modeling that simulate the feldspar hydrolysis experiments by matcludglimg results
with experimental data. Modeling results show that a quasi-steady stateagaed. At
the quasi-steady state, dissolution reactions proceeded at rates thdees®br

magnitude slower than the rates measured at far-from-equilibrium. Thestpedy-state

is determined by the relative rate constants, and strongly influenced by therfwfcti
Gibbs free energy of reactio(, ) in the rate laws. To explore the potential effects of

fluid flow rates on the coupling of reactions, a batch system (Ganor et al., 2897) w
extroplated to open systems and one-dimensional reactive mass transpamuwlatedi

for oligoclase dissolution and kaolinite precipitation in homogeneous porous media.
Different steady states were achieved at different locations alogéidimensional
domain. However, the ratio between oligoclase dissolution rates and kaolinite
precipitation rates remained 1.626, as in the batch system case (GAn@0&7a.

Results reported in this dissertation lend support to our hypothesis that slow secondary
mineral precipitation explains part of the well-known apparent discrepatwgdrelab

measured and field estimated feldspar dissolution rates (Zhu et al., 2004).

2. NAVAJO SANDSTONE-BRINE-CO, INTERACTION
Chapter 6 presents experiments involving the reaction of Navajo Sandstone with
acidic brine at 206C and 25 or 30 MPa to evaluate the extent of fluid-rock interactions.
The first experiment examined sandstone interaction withi@@regnated brine; the
second experiment examined sandstone dissolution jr€®acidic brine; the third one
is carried out in a mixed flow reactor and designed to measure sandstongidissates

based on time-series Si concentrations. The solution chemistry data inditéte tha



SiO,(aq) increases gradually and pH increases slowly with reaction pso&iksate
minerals in the sandstone display textures (dissolution features, secondary
mineralization), indicating that these phases are reacting stronglyhsifluid. The
chemical reactions likely increase the bulk porosity of the sandstone dgsdtution of
silicate minerals. However, allophane and illite/smectite fill vaadsandstone grains and

may affect the permeability and injectivity of the reservoir.

3. ARSENIC EH-PH DIAGRAMS AT 25 °C AND 1 BAR (0.1 MPA)

Currently, there is tremendous interest in arsenic geochemistry (Tandki
Frankenberger, 1992; WHO, 2001; Nordstrom and Archer, 2002; Smedley and
Kinniburg, 2002; Oremland and Stolz, 2003; Swartz et al., 2004; Hollibaugh et al., 2005;
Keimowitz et al., 2005; Amirbahman et al., 2006; Sverjensky and Fukushi, 2006;
Fukushi and Sverjensky, 2007; Marini and Accornero, 2007). Eh-pH diagrams provide a
useful guide for evaluating the predominance of dissolved species and stalsiitiglef
(Garrels and Christ, 1965; Pourbaix, 1966; Krauskopf and Bird, 1995). Since the last
special publication of Eh-pH diagrams for arsenic was over ten year¥iagp1996),
new values of thermodynamic properties for arsenic species have becadiaideava
through several re-evaluations, compilations, or estimations (Nordstrom and,Archer
2002; Pokrovski et al., 2002; Langmuir et al., 2006; Marini and Accornero, 2007). A new
compilation that integrates data available for the As-O-H-S-Fey8ars is necessary.

We compiled a thermodynamic dataset for arsenic species in As-Gd4B3-system
from the literature. Using this dataset, Eh-pH diagrams for arsenic in tieensyas-O-

H, As-O-H-S, As-O-H-S-Fe, As-O-H-Ba, and As-O-H-S-Fe-Baengnstructed at 25



°C and 1 bar (0.1 MPa). The inclusion of thioarsenite species in the systems As-O-H-S
and As-O-H-S-Fe results in substantial differences from previously publishpti E
diagrams. There are considerable differences in the thermodynamic @®parti

orpiment, realgar, scorodite, arsenopyrite, barium arsenate, and bariwogédrydr
arsenate, which result in vastly different stability fields when differahtes are

adopted. These diagrams provide a ready reference for practitioners workiagned

of arsenic geochemistry.

4. LEAD SORPTION ONTO FERRIHYDRITE

The bioavailability, mobility, transport, distribution, and cycling of toxic nsetal
subsurface and surficial geological systems have long been of interesthergess.
Unlike organic contaminants, toxic metals (e.g, Pb) are not biodegradable and tsin pers
and accumulate in the environment and in living organisms, posing a serious threat to
plants, animals, and humans (e.g., Sparks, 2005 and the reference therein). Iron
oxyhydroxides occur widely in surficial and subsurface geological emaeats, and are
efficient scavengers of trace metals and radionuclides (Jambor and Dut828%
However, the mechanisms by which trace elements are sorbed onto iron oxydgslroxi
in pristine and anthropogenically impacted water-rock systems are largeipwn. The
present study focuses on sorption of Pb onto iron oxyhydroxides in order to understand
the relevant sorption mechanisms. Controls on trace elements by iron oxyhydroxides
have been attributed to a continuum that extends from specific adsorption to surface
hydroxyl groups (surface complexation), solid solution, to surface precipitatithe a

discrete oxide or hydroxide (Martinez and McBride, 1998), possibly depending on



contact methods (e.g., precipitation, adsorption or coprecipitation), surface |cauing
size difference of trace elements with host element (e.g., Fe). At ldacsicoverages,
surface complexation (e.g. outer- and inner-sphere adsorption) tends to dominate; as
surface loadings increase, nucleation occurs and results in the formationnat disti
entities or aggregates on the surface (solid solution); as surface loadiregse further,
surface precipitation becomes the dominant mechanism (Farley et al., 1985; Zhu, 2002).
Knowledge of sorption mechanisms is nevertheless central both to developing
guantitative partitioning models that serve as a theoretical basis fappheations of

trace elements as signatures of fluid flow, chemical reactions, andjettiegical and
environmental processes and to predicting contaminant transport and stability in
geological media.

Adsorption (ADS) and coprecipitation (CPT) contact methods attract more and
more attentions in waste water treatment because they are free ofnmlsmiudge and
producing extremely low soluble metal levels (Karthikeyan et al., 1997). InDise A
systems, for example, the Fe oxyhydroxides were formed and aged (typcalty )
first, and then PH was added:; acid or base was used to adjust the solution to desired pH.
PK* sorption on pre-existing Fe oxyhydroxides is a common process, considering the
case of Pb atmospheric fallouts (e.g., from car exhausts and smelters) enamdoil
sediments. ADS onto ferrihydrite and other iron oxides has been shown to play an
important role in the transportation of Pb from continental waters to the oceahar(é&r
Morgan, 1992). In contrast, the CPT contact method &t $Rioption by Fe
oxyhydroxides is defined as a base titration with both the trace elemént4Rth the

host element (F&) in solution together (with low initial pH), while the pH is increased to



form a solid precipitate. CPT can occur in contaminated soils, sediments, and water
systems. For example, when acid mine drainage or landfill leachate loatdeEtviand

trace metals (e.g., Pb, As, and Cu) is mixed with neutral surface watgroamdiwater

or allowed to react with calcite in soils, sediments, and aquifers, thaf@trace metals
(such as PB) are coprecipitated simultaneously. Numerous studies have been performed
on Pb ADS (e.g., Gadde and Laitinen, 1974; Kinniburgh et al., 1976; Swallow et al.,
1980; Balistrieri and Murray, 1982; Hayes and Leckie, 1986; Rose and Bianchi-
Mosquera, 1993; Lutzenkirchen, 1997; Trivedi et al., 2003) with sporadic mention of
CPT (e.g., Ford et al., 1997; Martinez and McBride, 1998; Ford et al., 1999; Martinez
and McBride, 2001) with iron oxyhydroxides, but direct comparison of Pb ADS and CPT
are rare and comparison of desorption properties of precipitates prepared layn&DS

CPT methods are even scarce. Schultz et al. (1987), as an exception, compared the
forward and reverse (desorption) process of Pb with ADS and CPT methods. They found
that a measurable fraction of the bound Pb is not easily desorbed and the retained
(remaining sorbed) fraction of Pb after CPT process is larger than grafABS process

at time frame of their experiments (21.5 h). Thus, the main task of this studgestiby

the difference of two sorption contact methods (adsorption and coprecipitation) and
elucidate the sorption behavior and mechanisms.

This study focuses on the Pb sorption onto ferrihydrite and is being conducted in
the following manner: (1) to compare the difference of two sorption contact methods
(adsorption and coprecipitation), (2) to characterize the solids, (3) to eluditates
sorption behavior and mechanism, (4) to construct quantitative models to predict the fate

of Pb, and (5) to study the effects of aging on the fate of Pb.
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The mechanism of Bband Fé&* coprecipitation is studied with sorption edge
measurements, High Resolution Transmission and Analytical Electron Micyod4Bp
TEM-AEM), and geochemical modeling. Coprecipitation of ‘Riith ferric
oxyhydroxides occurred at ~ pH 4, about 0.5-1.0 pH unit higher thpfeipitation.
Coprecipitation is more efficient than adsorption in removing fbm aqueous
solutions at similar sorbate/sorbent ratios. X-ray Diffraction (XRD) steeks of
lepidocrocite and two additional broad peaks similar to fine particles of 2-tmieyfdrite
(2LFh). HRTEM of the Pb-Fe coprecipitates shows a mixture of 2 to 6 nm dramete
spheres and 8-20 by 200-300 nm needles, both uniformly distributed ifth Pb
Geochemical modeling shows that solid solution model or combined solid solution
formation and surface complexation can fit the experimental data setswdetkplain
the overlap between sorption edges with different Pb:Fe ratios, but surfacexatmopl
alone cannot account for all the®Pbound to the solids.

Based on these results, we hypothesize th&tWwds first adsorbed onto the
nanometer-sized, metastable, iron oxyhydroxide polymers of 2LFh. Athe ir
oxyhydroxides grew and transformed into more stable phas€syBbtrapped in the
iron oxyhydroxide structure. Hence, coprecipitation and adsorption experimeritsdes
in different PB*incorporation mechanisms, which could result in different mobility,

bioavailability, and long-term stability of Phin the environment.
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CHAPTER 2

ALKAL| FELDSPAR DISSOLUTION AND SECONDARY MINERAL
PRECIPITATION IN BATCH SYSTEMS: 1. NEW EXPERIMENTS AT 200 °C
AND 300 BARS (30 MPA}

! The contents of this chapter has been publish&aii®., Lu P., Konishi H., Dilmore R., Xu H., Sefi,
Jr., W. E. and Zhu C. (2009) Coupled alkali-felisgissolution and secondary mineral precipitation
batch systems: 1. New experiments at 200 °C ancda@9(30 MPa)Chem. Geol258 125-135.
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1. INTRODUCTION

Silicate mineral dissolution and secondary mineral precipitation aratategr
processes in chemical weathering and hydrothermal alteration of rockerdlis
experiments have been conducted for measuring silicate mineral dissoltén ra
(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 focusrof ofa
these studies, however, was to derive mineral dissolution rates from segadyhsimical
conditions. In such experiments, silicate minerals, mostly feldspardisamved far
from equilibrium and secondary mineral precipitation is avoided by adjusting the
chemistry and rate of recirculation of the fluid phase. Results of these egperinave
been enormously successful, providing a wealth of data on the rate and mechanism of
mineral dissolution processes under a wide range of chemical and physicabosndi

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 betweentissahd
precipitation reactions. Tremendous progress in our understanding of feldspdys$igdr
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 coddudiatch
reactors provided valuable information on the mechanism of feldspar dissolution, as

summarized in Helgeson (1971) and Petrovic (1976), technological development of
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experimental design and apparatus has allowed the sampling of fluidstiogexiith
minerals at a wide range of temperatures and pressures (Seyflied @83).

Furthermore, electron microscopy and surface analytical techniquesctharead
significantly, which allow more accurate identification of secondary mgeraen when
such phases exist on the nanometer size scale (Penn et al., 2001; Zhu et al., 2006).
Here we report results of alkali-feldspar dissolution experimentsllimwesd batch
reactors that were performed at 200 °C and 300 bars (30 MPa) in order to examine
mineral dissolution and precipitation processes in moderately acidic fluitiugt
dissolution reactions of single feldspars have been reported in the lit¢Baigenburg

and Clemency, 1976; Holdren and Berner, 1979; Helgeson et al., 1984; Chou and Wollast,
1985; Knauss andWolery, 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 (scanngagreh microscopy
(SEM), high resolution transmission electron microscopy (HRTEM), X-rdradiion
(XRD), X-ray photoelectron spectroscopy (XPS), and electron microprobgsenal
(EMPA)) at different reaction stages represents an insightful iexgetal strategy to
assess geochemical controls on the temporal evolution of minerals and coeligtsg f
While this approach is relevant to mass transfer processes in a varietyraf ant

engineered hydrologic and hydrothermal rock—fluid systems, the expegindata are
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important in that they form a basis for evaluating a number of theories and hgsathes

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 KCI mol/kgidf at
200 °C, 300 bars (30 MPa) were conducted at the University of Minnesota and National
Energy Technology Laboratory (NETL), respectively. 40 g KCI solution and 1kalya
feldspar were used for both experiments. Prior to the experiments, the stardingas
acidified to pH=3.0 by addition of dilute HCI, so as to create initial conditiorfschiar
equilibrium.

“Orthoclase” crystals having an average size of ~0.5 cm were obtained from
WARD'S Natural Sciences Establishment. The crystals were groundmwagate mortar
and pestle, and subsequently dry sieved to retain the size fradiieehes0 and 100m.

For the freshly ground material, there were a large number of submicrom+mnize
particles that adhered to the surface of large grains. To remove thedegqdhe
feldspar sample was first ultrasonically “cleaned” in analygcatie acetone, and then
repeatedly rinsed with deionized water, prior to drying at 105 °C.

A Beckman Coulter SA-3100was used for BET surface area analysis of alkali-
feldspar samples before experiments. The instrument was calibrated efaféea
measurements, using NIST reference material 1900, a silicon nitrite povwldeuviace
area of 2.85 Aig. Multipoint N, gas adsorption isotherms were measured to obtain the

specific surface area of 0.13/m (+5%) for the alkali-feldspar reactant.
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The alkali-feldspar and acidified KCI solution were loaded into a flexible Au/Ti
reaction cell and placed in a steel-alloy autoclave following procedureshassin
Seyfried et al. (1987). The reaction cell allows sampling of aqueous fluictfi®m
ongoing reaction at constant temperature and pressure. Thus, internally filtered f
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 chromatography (IC) system composed of an
AS 19 column (4 mm ID) and an ASRS self-regenerating suppressor (4 mm IB). KO
solution was used as the eluent at flow rate of 1 ml/min. Gradient eluent concestrat
were programmed as follows: 4 mM for 30 min,10 mM for 30 min and 25 mM for 15
min. The column temperature and cell temperature were constant at 30 °C. Thaninject
volume of each sample was 5@l0Uncertainties 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 aasienuis
analog and pulse counting detector. System calibration was accomplished hyI&Sing
traceable single or multi-element standard solutions. For each samplardsand
blanks were repeated 5 times to determine the mean and standard deviation for each
selected elemental mass. All standards, blanks, and samples were éiammiize
introduced into a standard Meinhardt nebulizer by a free aspiration rate of apgisdyxim
1 ml/min. All elements were measured on the most appropriate mass by peak hopping
with dwell times of approximately 3% 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 tat preve
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carryover between samples. Uncertainties for all elements wareatsdito 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-2() Rrébe
to measurement, the pH electrode was calibrated with NIST pH standaspb4fd and
7.0. Replicate measurements of fluid samples from the experiments indicate a
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 analytivaioiees
were used to characterize solid reactants and experimental products, inclRding X
EMPA, SEM, HRTEM, and XPS. Powder XRD analysis was carried out using a
PANalytical X'Pert PRO Theta—Theta multipurpose diffractometerpeqdiwith a Cu
anode operated at 45 kV and 40 mA, a divergent beam monochromator, and an
X'Celerator detector. The scanning angk) {anged 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) wamdetd
by wavelength dispersive EMPA using a CAMECA SX50. Operation accelerating
voltage was 15 kV, while beam current and beam size were 15 nAandréspectively.
The structural formula for K-rich and Na-rich phases based on 8 oxygens is
Ko.8gN@0.15Al 1,041,060 and Ko 01N@p 95Cap.04Al1.04512.960s, respectively.
SEM analysis was conducted with a Quanta 400 Field Emission Gun (FEG). The

Energy Dispersive X-ray Spectrometer (EDS) system has an EDAXvthdow and
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CDU LEAP detector. The low energy X-ray detection with FEG provided highakpat

resolution for microanalysis down to ~Qufin®.

Table 1.Electron microprobe analysis (EMPA) restitt§ Na-rich
laminae, K-rich laminae and whole alkali-feldspar grains
Oxide SiQ AlbO; NaeO KO FeO CaO Total
wit% 68.20 20.45 10.49 0.18 0.09 0.83 100.22
Na-rich S. D? 0.03 0.05 0.18 0.06 0.03 0.04
laminae N® 296 104 095 0.01 0.00 0.04 5.00
S. D. 0.00 0.00 0.02 0.00 0.00 0.00
wit% 63.69 18.95 1.66 13.82 0.05 0.00 98.16
K-rich S. D. 053 0.25 0.42 0.87 0.04 0.00

laminae N 296 104 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- wt% 64.71 1991 3.17 12.21

feldspar N 295 1.07 0.28 0.71

'Each result reflects the average value of 5-10 oreasents.
%s. D. = Standard deviation.
3N = the number of cations per 8 oxygen atoms.

A JEOL 1010 transmission electron microscope operated at 100 kV and a JEOL
2100F FEG Scanning Transmission Electron Microscope (STEM) with attached X-r
EDS and Gatan Imaging Filtering (GIF) system were used for asalyseaction
products. Thus, a fraction of the reaction products was immersed in ethanol and
ultrasonically treated for several minutes. A small aliquot of the negudtispension 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-feldsygar us
microscopy, XPS was also used to determine the surface chemistry otitpafdlefore
and after hydrothermal reaction. XPS spectra of mineral reactant and prioolionctse
78-day experiment were collected on a Physical Electronics 5400 instrumérntowit

monochromatic Mg K as the X-ray source, operated at 300 W. Similar analyses from
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the 5-day experiment were collected on a PHI 5600ci instrument. This instruadentm
use of monochromatic Al iKas the X-ray source, operated at 400 W. In both cases,
mineral samples were embedded on double-sided adhesive tape, which was then fixed to
the sample holder of the respective instruments. The samples were degasséd at 10—
Torr, before achieving operating vacuum at 5x10-8 Torr. The analysis asehmwm by
1.414 mm, while the photo electron take-off angle was 45°. Survey scans (0-1200 eV
binding energy) were performed first to determine the near-surface coimpasithe
samples, followed by multiple repetitive scans over the energy regions esintei,,

O1s Kaopzrand Ab,. Charge shifting of the analyzed photoelectrons was corrected by
referencing a coexisting:&peak to 285.0 eV. Surface compositions of elements of
interest were determined by analysis of peak areas taking exptioitrat 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 whodifie
HKF equations of state for aqueous species (Shock and Helgeson, 1988; Shock et al.,
1997; Sverjensky et al., 1997). Thermodynamic data for Al-bearing aqueousspecie
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 assessl|sataration
states, plh siw) (Se€ 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)
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3. RESULTS

3.1. Cations, anions and dissolved S;O

Time series changes in fluid chemistry from both experimentstackitisTable
2 and illustrated in Fig. 1. As anticipated from the relative abundances ofrilliid a
mineral components used for the experiments, dissolvedo@tentrations remained
relatively constant. The concentration of dissolvédhowever, tended to decrease,
although the extent of this represents a small fraction of that initialiiablein the fluid
(200 mmol/kg).

Changes in dissolved concentrations 6f B&*, AI** and SiQ during the 78-
day experiment were significant as alkali-feldspar dissolution proceededkédfople,
dissolved SiQincreased 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 Si@lecreased by 0.43 mmol/kg to a final value of 3.75 mmol/kg
(Table 2). Dissolved concentrations of Nend C&" generally tracked with Si)
suggesting the possible involvement of non-stoichiometric dissolution of minor @gcess
components in albite in the moderately acidic fluids* Abncentration 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 concentratioas of N
cd”*, AI** and SiQ from the 5-day experiment at 120 h were largely consistent with

changes in fluid chemistry of the 78-day experiment at a similardfmeaction (Fig. 1).

28



3.2. pH

It is well known from results of numerous studies of reaction kinetics ofesilica
minerals in aqueous fluids that pH plays a particularly important role in thefrat
mineral dissolution/ precipitation processes. This is the case during thetmtesk as
well. To examine pH effects, the pH value measured for the fluid sample anambie
conditions (25 °C, 0.1 MPa) (bench pH) was recalculated at experimental conditions
(200 °C, 30 MPa) by taking account of the effect of temperature and pressure on the
distribution
of aqueous species. Accordingly, pH (in situ) was calculated for each sakwgaie t
during the course of experiments (Table 2). Owing to the relatively low expgaine
temperature, however, pH (in situ) was close to that measured, with an offsehtie

from approximately 0.1 to 0.4 units. During the 78-day experiment, pH values increased

from 3.1 to 4.7 (Table 2).

Table 2. Time-dependent changes in the composition of major

dissolved constituents in aqueous fluid coexisting with alkali-feldspa
at 200C and 300 bars (30 MPa)

Sample Time  CI K' SiO, Na° ca& A®  pH InsitupH

#  (Hours) (mmol/kg) (25C) (200C)
78-day experiment
0 198.3 204.0 - - 3.72 - 3.0 3.1

1 24 1975 2028 031 042 012 o0.01 3.2 3.3
2 216 198.7 201.1 146 113 0.21 0.003 35 3.6
3 456 196.8 197.8 1.70 2.04 0.43 0.08 4.1 3.7
4 816 1979 2043 135 186 0.16 0.03 4.2 4.0
5 1368 1995 1970 4.18 3.72 030 0.01 4.9 4.5
6 1872 199.4 1965 3.75 191 035 0.001 49 4.7
5-day experiment

1

120 nd na 131 088 035 0.005 na. n.a.
h.a. = not available
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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 demonstratingtidissol
heterogeneity, with albite lamellae preferentially dissolved. Thepoesof these mineral

dissolution features was less obvious from results of the 5-day experiment.
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Fig. 1. Changes in the dissolved concentrations of selected aqueous constitleents wit
time for the perthitic alkali-feldspar dissolution experiments at 200 °C and 30@bars (
MPa). Dissolved concentrations of kCI", Na', C&*, AI*" and SiQ for the 78-day
experiment (solid symbols) and N&&*, AI** and SiQ for the 5-day experiment (open
symbols). Time series changes for, KI” concentrations for the 5-day experiment are
not available beyond the start of the experiment (Table 2).

Secondary minerals, with cross sectional diameter (d) of less tipan &l
height (h) of approximately 04m, covered approximately 20% of total alkali-feldspar

surface from the 78-day experiment. Alteration products also exhibited hekabape.
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In the 5-day experiment, however, secondary minerals covered much less (~5%) of
feldspar surface (Fig. 2). In both cases, secondary minerals were eveityigidton the
feldspar surface, suggesting no structural inheritance from the alldgpér precursor.

Feldspar dissolution and secondary mineral formation are likely coupled in tiadl over

mass transfer process.

Fig. 2. SEM backscatter images of alkali-feldspar dissolution effects faljoaction

after 78 days (A, B) and 5 days (C, D). Reacted feldspar from the 78-dayexmer

reveal small (~0..nm) hexagon-shaped secondary minerals covering approximately 20%
of the feldspar surface. In the 5-day experiment, secondary minerals covaboutys%

of the feldspar surface. The relative abundance of surface mineralization eldgiparfs
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from each experiment is consistent with observed distribution of mineral dissoluti
features, such as laminar channels and etch pits on Na-rich lamina.

XRD patterns of mineral products in both experiments showed the presence of
kaolinite as well as boehmite (Fig. 3A, B). The high peak intensities of boemntiite i

XRD patterns likely result from preferential orientation of boehmite, andardirectly

proportional to abundance.
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Fig. 3. X-ray diffraction patterns of mineral products following the 5-daymaxeat (A)

and 78-day experiment (B). Kaolinite, boehmite, and K-feldspar were iddnfifne

high peak intensity of boehmite is not a reflection of its abundance, but rather the resul
of preferential orientation.

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 shagesntiZ00—
300 nm (Fig. 4A). Selected area electron diffraction (SAED) patterns inditetiechost
alteration minerals are sheet silicates (Fig. 4B). The exsteinocoehmite crystals with
rounded shapes, however, was confirmed by HRTEM observation with JEOL FEG
2100F (Fig. 4C). TEM images also showed “seesaw” edges of reacted alkspiafel
from the experiment (Fig. 4D), suggesting preferential dissolution of Na lanethch
is consistent with SEM observations. In the 5-day experiment, boehmite Witicitls
sharp edges was observed on alkali-feldspar as the lone secondary rRige#at)
which was confirmed by [010] SAED patterns, showing two dimensions for the Al
octahedral structure (Fig. 4F). In contrast with boehmite from the 5-dayirexpé,
boehmite following the 78-day experiment showed dissolution features chaedteyi
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«oanmeent,
HRTEM observation also indicated that the alkali-feldspar grains were dnuitie an
apparently amorphous layer (Fig. 4C). The amorphous nature of the edges wasecbnfi

by the absence of electron diffraction pattern. It is still controvers$iativer an
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amorphous layer is caused by leaching (Nugent et al., 1998; Nesbitt and Skinner, 2001)

or is the result of silica reprecipitation effects (Hellmann et al., 2003, 2004).
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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 (30 MPa). (A) Feldspar (largé andins
hexagonal secondary minerals (200-300 nm sized grains); (B) SAED pattern @l miner
products labeled with Miller Indices for kaolinite (upper layer) and boehroite(l

layer); (C) Bright-field TEM image showing secondary mineraldh ait alkali-feldspar
grain at lower-right corner; (D) TEM image showing alkali-feldspanmggdark color),
seesaw edges indicate preferential dissolution of Na laminae; (E)im&de showing
alkali-feldspar grains with alteration mineral phases from the 5-dagriexent; (F) [010]
SAED pattern showing the octahedral structure of boehmite in the 5-day exgterime
Unless otherwise noted, all samples were from the 78-day experimegé (Aawas
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 indicatan</Al
Al/Si mole ratios of 0.66 and 0.37, respectively. These data are in good agreethent wi
the surface chemistry of the fresh feldspar used for the 5-day expenmnspite of the
fact that two different instruments were utilized to acquire the datagBabFollowing
the 78-day experiment, however, the Al/Si mole ratio increased significarit.57,
while K/Al decreased to 0.37. These data confirm the existence of secondargim
phases, such as kaolinite and boehmite, where Al has a greater compositi@rdhgerc
than for K-feldspar or albite. Results from the 5-day experiment also tedinancrease
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 resdlsf 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-feldspdr 5.7 8.7 622 23.4 0.66 0.37
78-day experiment 43 116 636 204  0.37 0.57
Product
Starting alkali-feldspdr 4.8 7.9 63.2 24.1 0.61 0.33
5-day experiment 55 90 634 221 061 0.41

Product
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K-feldspar 7.7 7.7 615 23.1 1 0.33
Kaolinite - 209 558 218 - 1
Each result reflects the average value of 4 meawmnts from different alkali-
feldspar grains within the same sample.
278-day experiment
%5-day experiment

4. CONCLUSIONS

Alkali-feldspar hydrolysis experiments using a well-mixed batchareallowed
observations of time series in situ fluid chemistry at 200 °C and 300 bars (30d\iea) t
integrated with the mineralogy and composition of reaction products retrittee® and
78 days. Hydrolysis of the albite component of alkali-feldspar resulted in thatfon of
boehmite, and then kaolinite. SEM, HRTEM and XPS analyses of the surface of alkali
feldspar provide clear evidence for the preferential reaction of albite artsimmce of
secondary mineralization involving both boehmite and kaolinite.

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 agueous
solution chemistry and secondary mineral paragenesis (Lasaga, 1998). @enl deta
mineralogical analysis showed that boehmite and kaolinite persistedabbtaiiring
the entire 78 days experiment, which provides the first experimental evidence td suppor
early modeling illustrations (Steefel and van Cappellen, 1990; Lasaga, 1998mné&he
series solution chemistry data and calculated saturation indices amnecasoonsistent
with Lasaga's (1998) cases with slow clay precipitation kinetics than i pa
equilibrium case. Slow secondary mineral reaction kinetics means strongigoupli
between dissolution and precipitation reactions, which is important in interpnedéat

field derived rates (Zhu et al., 2004a,b).
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CHAPTER 3

ALKALI FELDSPAR DISSOLUTION AND SECONDARY MINERAL
PRECIPITATION IN BATCH SYSTEMS: 2. NEW EXPERIMENTS WITH
SUPERCRITICAL CO , AND IMPLICATIONS FOR CARBON

SEQUESTRATION ?

% This chapter is currently in preparation for paation: Lu, P., Zhu, C., Fu, Q., Seyfried, W. Fdaones,
K. Coupled Alkali Feldspar Dissolution and Secorddineral Precipitation in Batch Systems: 2. New

Experiments with Supercritical G@nd Implications for Carbon Sequestratilmmernational Journal of
Greenhouse Gas Contrah preparation.
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1. INTRODUCTION

Injection of C@into deep geological formations is presently envisaged as one
means of sequestering g@leased from the burning of fossil fuels in power generation
facilities (IPCC, 2007a, b). Candidates for the suitable formations include deep sal
aquifers in sedimentary basins, depleted oil and gas fields, and unmineablec®al se
(IPCC, 2005). Deep saline aquifers currently receive a great deagmti@itbecause of
its common occurrence, large volume of pore space available, and potential fartong-t
hydrodynamic trapping of CDOE-NETL, 2008). Injected CQwill dissolve into the
native formation water, making the brine corrosive and therefore react aggjsessth
the native minerals.

Feldspars are abundant in both sandstone (reservoir rock) and shale (caprock). F
example, the Mt. Simon Sandstone, a potential target for carbon sequestrdten in t
Midwest of the U.S., contains about 22% feldspars (Eliasson et al., 1998). Eau Claire
Shale, the caprock for Mt Simon Sandstone, contains an average of ~ 20 % feldspars
(Becker et al., 1978). Although feldspar dissolution rates are usually slow (in the@brder
108 to 10 mol m?s?) in the temperature range relevant to geological carbon
sequestration (Blum and Stillings, 1995), the extent of water-feldspar readtibe w
significant because (1) the time scale for the safety ofst@age site is in the orders of
1,000 to 100,000 years, and (2) feldspars are abundant. In general, the dissolution of
alkali-feldspars is likely to increase porosity and thus enhanger©@ility and
accelerate further geochemical reactions, but the formation and mobdigyaninerals
may inversely affect permeability (Emery and Robinson, 1993; Rogen and Fabiricius,

2002; Strazisar et al., 2006; Worden and Morad, 2003).
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Numerous experiments have been conducted for measuring silicate mineral
dissolution rates in C&charged systems (Amrhein and Suarez, 1988, 1992; Brady and
Carroll, 1994; Busenberg and Clemency, 1976; Carroll and Knauss, 2005; Hangx and
Spiers, 2009; Hellmann et al., 2007; Lagache, 1965, 1976; Sorai et al., 2007; Sorai et al.,
2005; Tchoubar, 1965; Tchoubar and Oberlin, 1963; Utsunomiya et al., 1999; Wyart et
al., 1963). The primary focus of many of these studies, however, was to derive the
dissolution rates from steady state chemical conditions. In such experisierde
minerals, mostly feldspars, are dissolved far from equilibrium and secondagaimi
precipitation is avoided by adjusting the chemistry or recirculation fakedluid phase.
However, experimental data on how the feldspar dissolution and secondary mineral
precipitation reactions are coupled are scarce.

In a series of papers, Zhu and co-workers have shown that feldspar dissolution
and secondary mineral precipitation reactions are strongly coupled, and slow
precipitation of secondary minerals provides a negative feedback to fedlilsg@ution
rate (Fu et al., 2009; Ganor et al., 2007; Hereford et al., 2007; Zhu, 2005, 2006; Zhu,
2009; Zhu et al., 2004; Zhu and Lu, 2009). In this study, we report results of three alkali-
feldspar dissolution — secondary mineral precipitation batch reactor experah&b-

200 °C and 300 bars (MPa) with the addition of,Clhe experimental design permitted
time series monitoring of fluid chemistry to constrain better mineral dissoland
precipitation processes of relevance to carbon sequestration. Previouslyl, sever
experimental studies of interactions of £€aturated brine with reservoir materials were
conducted at relatively low temperatures and short durations. These experiments

observed minimal aluminosilicate dissolution and undetectable concentrations of
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secondary phases (e.g., Gunter et al., 2000; Gunter et al., 1997; Perkins and Gunter,
1995). We conducted experiments at higher temperatures, at which significaral mine
alterations were observed (Hangx and Spiers, 2009; Kaszuba et al., 2003, 2005).
Although experimental studies may be constrained by dissimilaritigstiens
temperature, pressure, and ionic strength conditions, they can provide insightful
information and understanding of the complex interplay of-Bx@ne-rock interactions.
The experimental work is supplemented with a critical review of literature
regarding feldspar hydrolysis in GOharged solution. The urgent needs from numerical
geochemical models for evaluating and optimizing the injection progranoc#tlef

establishment of a database at a wide spectrum of injection conditions.

2. EXPERIMENTAL

Three different alkali feldspars were used in the batch experiments. An alkali
feldspar (“orthoclase”) and Amelia albite crystals were purchasetdtiie WARD'S
Natural Sciences Establishments, Inc. A potassium-rich alkali feldgsaoltained from
the mineral collection at Indiana University. We shall term the thrdsgdals as
“WardsAF”, “Amelia Albite”, and “IUB-KF”, respectively in the following sicussion.
The feldspar crystals were handpicked, ground with an agate mortar and pestle, and
subsequently dry sieved to retain the fraction between 50 angdi@®size. For the
freshly ground material, there were a large number of submicron-to-miaroigsathat
adhered to the surface of large grains. Dissolution of these ultra-finelgsavtill result
in initially non-linear rates of reaction or parabolic kinetics (Holdren ande8g1979).

To remove these particles, the sample was first ultrasonically cleansganalytical
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grade acetone. This was performed eight times on each aliquot for about 20 min per
treatment. The cleaned alkali-feldspar grains were finally rinstddeionized water and
then freeze-dried. Before experiments, alkali-feldspar sample was kepbvea at

105 °C overnight to exclude possible organic contamination.

A Beckman Coulter SA-3100 surface area analyzer was used for BET surface
area analysis of alkali-feldspar samples before experiments. Tipesanere degassed
at 250 °C overnight prior to measurements. The instrument was calibrated Ipeffore a
during measurements periodically, using National Institute of Standardsahdology
reference material 1900, a silicon nitrite powder with surface area of 2/§5 m
Multipoint N, gas adsorption isotherms were measured to obtain the specific surface area
of 0.132 ni/g for WardsAF, 0.129 ffg for IUB-KF, and 0.13 ffig for Amelia albite,
respectively.

The chemical compositions of alkali feldspar were determined by electron
microprobe analysis using a CAMECA SX50 instrument. Operation accelevatiage
was 15 kV while beam current and beam size were 15 nA anth-fespectively. For
“Wards-AF”, the average compositions of the two laminae were determined as
Ko.eNag.15A 1,045 9608 and Ko 01Nag.9sCan.04Al 1.04S12.960g, respectively. X-ray diffraction
(XRD) results show that the perthitic alkali feldspar contains 35% loweai€o
orthoclase and 5% quartz. For “IUB-KF”, the chemical compositions were de&ztras
Ko.94Nag 06Al 1.03512.970s and NaA] 04Si» 9603, respectively, for the two laminae. XRD
characterized the K-rich laminae as microcline (70%) and the Na-richdaras low
albite (30%). Amelia albite has been frequently used in experiments becasuse |

compositionally pure end-member albite (e.g., see Harlow and Brown, 19&Qsiyéa
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and Oelkers, 2004; Smith and Brown, 1988). The structure formula is
Ko.00N&0.974C2.00A 1,081 Sk.9760s.

The alkali-feldspar and aqueous solutions were loaded into a flexible Au/Ti
reaction cell, which was placed in a steel-alloy autoclave, following guoes described
in Seyfried et al. (1987). The reaction cell allows on-line sampling of the agpkass
at constant temperature and pressure simply by adding water under pressure to the
autoclave surrounding the cell. Thus, internally filtered fluid samples could deered
from the reaction cell contents any time during an experiment. The expéalrmatrix is
shown in Table 1.

Fluid samples taken from the reactor were analyzed for major and some minor
dissolved constituents. Dissolved cations were analyzed with inductively cougsaaispl
mass spectrometry (ICP-MS). Anions were analyzed by ion chromatography
Experimental run products were retrieved and characterized with a \@friatgroscopic
and analytical techniques. Powder X-ray diffraction analyses wereccatriaising a
Bruker D8 Advance diffractometers, equipped with a Cu anode at 20 kV and 5 mA, and
with a SolX energy-dispersive detector. The scan parameters used were 2aowid? 2
a step size of 0.0292Two different sample preparation methods were employed:
“cavity mount” and “slurry mount”. For the cavity mount, starting samples grenend
by hand in an agate mortar and pestle to get sufficient small particles.pengskes
were subsequently filled into the cavity of a titanium sample holder for XRpsasal
For the slurry mount, reaction products were immersed in 20 mLDI water in a plastic
vessel (25 mL volume) and ultrasonicated three times for 15 min per treatment with 15

min interval. After the final ultrasonication, the samples were alloweelttie ®vernight.
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Then, a pipette (0.5 mL volume) was used to carefully suck out the suspension and a
syringe filter unit with silver filter membrane was employed toemlthe clay minerals.
The filter unit was aided with a vacuum system. After filtering, the rsivembrane

(with the slurry) was carefully removed from the filter unit. The slurrgyelith water)

on the silver membrane was air-dried. Finally, the membrane with ckeg/smunted

onto zero-background quartz plate for XRD characterization.

Scanning Electron Microscopy (SEM) was conducted with a Quanta 400 Field
Emission Gun (FEG). The Energy Dispersive X-ray Spectrometer (BB&ns has an
EDAX thin window and CDU LEAP detector. The low energy X-ray detection W&i@ F
provided high spatial resolution for microanalysis down to ~0.F mmder optimum
conditions. SEM samples were prepared with double sided conductive tape and the
reaction products were sprinkled on a glass slide. Transmission Electrarséoioy
(TEM) observations were performed using a Philips CM 200UT microscope with a
spherical aberration coefficient (Cs) of 0.5 mm and a point-to-pesaiution of 0.19 nm.
Data reduction was carried out using the standard Cliff-Lorimer methodnmepked in
the DTSA.

The TEM samples were prepared with ultrasonic method. A fraction of the
reaction products were immersed into absolute ethanol and ultrasonicated fak sever
minutes to disengage the secondary minerals from feldspar surfaces. A trep of
resulting suspension (with grains of feldspar as well as secondary min@als)ounted
onto a holey-carbon film supported by a standard Cu TEM grid and air-dried for ~ 10 min.
In this paper, saturation indices (Sl) for relevant minerals were cadutam the

measured temperatures, pressures, and chemical compositions of expkaquerttas
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solutions. Sl is defined as log(Q/K), where Q denotes the activity quotient and K the
equilibrium constant (Zhu and Anderson, 2002, p. 45). Equilibrium activity-activity
diagrams for mineral stability and phase relations were constructedt¢otire evolution

of the agueous chemistry during the batch experiments. For all thermodynamic
calculations, the standard states for the solids are defined as unit actiyityd end-
member solids at the temperature and pressure of interest. The standdat stater is

the unit activity of pure water. For aqueous species other tf@nthle standard state is
the unit activity of the species in a hypothetical one molal solution referengdthitei
dilution at the temperature and pressure of interest. Standard state thenmodyna
properties for mineral end-members were taken from Holland and Powell (1988} exc
for boehmite, for water from Haar et al. (1984), for Al-bearing aqueous sgeme
Tagirov and Schott (2001), K&y 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) . The temperature and pressure dependences of themeodyna
properties for aqueous species, when applicable, were predicted usingathetpes of

the revised HKF equations of state for agueous species (Helgeson et al., 1981t Shock e
al., 1992; Tanger and Helgeson, 1988). 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 s@lubilit
calculations were aided with the computer code PHREEQC (Parldmar#ppello, 1999)
and EQ3/6 (Wolery, 1992) together with our own equilibrium constant databases for the
programs with thermodynamic properties noted above. Activity coefficientsdor

charged aqueous species were calculated from the extended Debyeddjucitizin or B-
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dot equation fitted to mean salt NaCl activity coefficients (Helgesoln, 41988; Oelkers

and Helgeson, 1990).

3. RESULTS
3.1. Results from the Experiment S with WardAF (St. Paul)

Time series changes in fluid chemistry from the experiments agd listTable 2
and shown in Fig. 1a. The changes in dissolved concentrationg,0AlRa and SiQq)
are consistent witalbite dissolution. In evaluating the aqueous speciation and mineral
saturation states at experimental conditions, we used the pH and total analytica
concentrations of the constituents measured at ambient conditions (e.g., 22 °C and 0.1
MPa) as input into the modeling codes and then “re-heated” the solution to expdrimenta
T andP. This method calculates tiresitu pH at the experimental conditions by taking
account of the effects dfandP on the distribution of aqueous species (Reed and
Spycher, 1984). Experimental data (Table 2) show degassing-4j Ci¥ference
between initial total C@and dissolved C@at each sampling point) was insignificant.
Calculatedn situ pH values increased from 4.5 to 5.7 from the beginning of the

experiment to the end.
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Table la. Feldspar dissolution experiments with the presence of G(batch reactor)

Mineral T pH pCO, Total SA Time Initial Rate Secondary minerals Reference
(°C) (MPa) pressure  (m?g)® (d) solution Log (mol
(MPa) m? st
Anorthite 150 456  10°° 0.48 0.28-0.32 90 0.03M -7.23 Boehmite, modified boehmite, Utsunomiya et al.
(Ca.0:Na oAl 1.0:Sip 608) (4.97) cm? @ NaAc kaolinite by SEM-EDS and XRD (1999)
Anorthite 150 456 0.05 0.53 0.28-0.32 10 0.03 M -6.77 Boehmite, modified boehmite, by Utsunomiya et al.
(Ca],ggNaologAl 1,9;Si2,ce03) (497) ch12 ® NaAc SEM-EDS and XRD (1999)
Anorthite 150 456 0.12 0.6 0.28-0.32 81 0.03 M -6.66 Boehmite, modified boehmite, Utsunomiya et al.
(Ca],ggNaologAl 1,9;Si2,ce03) (497) ch12 ® NaAc kaOlinite, by SEM-EDS and XRD (1999)
Anorthite 300 0.4 6 Grain size 7 Pure water Hydrotalcite, boehmite and aragoniteHangx and Spiers
(Cap.9dNag 00Al 1.9 .01S12.070s) 25+ 1Qum (?) by SEM, FEG-Microprobe (2009)
comfirmed hydrotalcite
Anorthite 300 0.4 6 Grain size 21 Pure water Hydrotalcite and boehmite by SEM Hangx and Spiers
(Ca)Q;NaoogAl 1_9;FQ)_0]Si2_070g) 25+ 1le and FTIR, Smectitelillite (’)) by SEM (2009)
Anorthite 300 12 18 Grain zie< 11 Pure water Hydrotalcite, boehmite and kaolinite Hangx and Spiers
(Can.9:Nao 0sAl 1.9:F€,01S2.0:0s) 15um by SEM and TGA (2009)
Anorthite 200 12 18 Grain size 14 Pure water Talc or semtite/illite-like, Hangx and Spiers
(Ca.0:Nao.0eAl 1.9:F€.01SI2.0/08) 25+ 1Qum hydrotalcite-like phases by XRD (2009)
Anorthite 200 12 15 Grain size 20 0.1 M NaCl Not detected. Hangx and Spiers
(Ca],g;NaologAl 1,9;FQJ,0]Si2,0703) 25+ 1Q1m (2009)
Anorthite 200 12 15 Grain size 21 0.2 M MgC} Not detected. Hangx and Spiers
(Cay.g:Nap 0eAl 1.9:F€).01S12.0:08) 25+ 1um (2009)
Albite 200 15 18 Grain size 20 0.2 M MgC} Hydrotalcite by FTIR. Hangx and Spiers
(Nao_ggKo_o]Alsi303) 40+ 1le (2009)
Albite 200 15 18 Grain size 21 0.2 M MgC} Not detected. Hangx and Spiers
(N%,ggKo,o]AlSisOg) 40+ 1Q1m (2009)
Alkali-feldspar 200 4.0 0.05 MY 30 0.132 27 0.20mKCl  -8.8 Boehmite, kaolinite, muscovite by ~ This study
(35% low albite 60% orthoclase (4.5) SEM-EDS, XRD, and TEM
and 5% quartz)
Alkali-feldspar 200 5.0 0.006 30 0.129 140 0.05mNaCl -898 Clay minerals (?) by SEM-EDS and This study
(30% low albite 70% microcline ) (5.7) MW XRD
Albite (NaAISi;Os) 150 3.7 0.0133 30 0.13 275 0.2 m NaCl 9.62 Boehmite, kaolinite, paragonite by ~ This study
(3.8) MW SEM-EDS, XRD, and TEM
Albite (NaAISi;Os) 100 3.99 0.58 0.68 0.04-0.2 20 Pure water ®.43 Not characterized. Lagache (1965)
Albite (NaAISi;Os) 150 4.59 0.67 1.14 0.04-0.2 20 Pure water .55 Not characterized. Lagache (1965)
Albite (NaAISiOg) 200 7.27 106° 1.59 0.04-0.2 20 Pure water -8%83  Not characterized. Lagache (1965)
Albite (NaAISi;Os) 200 5.44 0.263 1.853 0.04-0.2 20 Pure water (8.83 Not characterized. Lagache (1965)
Albite (NaAISi;Os) 200 4.80 0.715 2.305 0.04-0.2 20 Pure water (8.41 Not characterized. Lagache (1965)
Albite (NaAISi;Os) 200 4,70 2.62 421 0.04-0.2 20 Pure water B56 Not characterized. Lagache (1965)
Adularia 100 3.86 0.58 0.68 0.04-0.2 20 Pure water .72 Not characterized. Lagache (1965)

(KO.szNaollgAlsisog)




Mineral T pH pCGO;, Total SA Time Initial Rate Secondary minerals Reference
(°C) (MPa) pressure (m?g)® (d) solution Log (mol
(MPa) m? st

Adularia 150 4.59 0.67 1.14 0.04-0.2 20 Pure water B.94  Not characterized. Lagache (1965)
(Ko.8:Nao.1¢AlSi30g)
Adularia 200 4.70 0.71 2.3 0.04-0.2 20 Pure water 843 Not characterized. Lagache (1965)
(Ko.8:Nap.1¢AlSi30g)
Labradorite 200 4.88 0.71 2.3 0.04-0.2 20 Pure water B48  Not characterized. Lagache (1965)
(Cay.5:Nag.4:Al 1.5S1.4:0g)
Sanidine 200 5.35 0.71 2.3 0.03-0.25 20 Pure water B.28 Not characterized. Lagache (1976)
(Nao.4:Ko.5:AISi30sg)
Albite 25 4.55 0.1 0.2 0.83 20 Pure water -11.36 Not cterized. Busenberg and
(Ol’o,g‘/Abgg,ggAno,lc) CIemenCy (1976)
Oligoclase 25 4.55 0.1 0.2 1.01 22 Pure water -11.59 Not cterized. Busenberg and
(Or6_4]Ab89_6;An23_9() Clemency (1976)
Andesine 25 455 0.1 0.2 1.49 17 Pure water -11.86 Not cheraed. Busenberg and
(Or7_gAb49_5(An4z_G() Clemency (1976)
Labradorite 25 4.55 0.1 0.2 1.04 48 Pure water -11.90 Not dteraed. Busenberg and
(Or2.5:Ab44.4:ANs2 96) Clemency (1976)
Bytownite 25 4.55 0.1 0.2 1.14 46 Pure water -11.97 Not cterized. Busenberg and
(Oro.36Ab22 1AN77.47) Clemency (1976)
Anorthite 25 4.55 0.1 0.2 1.84 16 Pure water -11.88 Not cterized. Busenberg and
(Oro_ngb5_75An94_o;) Clemency (1976)
Orthoclase 25 4.55 0.1 0.2 1.52 22 Pure water -11.78 Not deraed. Busenberg and
(Or79.4¢Ab20.3:AN0.22) Clemency (1976)
Microcline 25 455 0.1 0.2 1.07 20 Pure water -11.82 Not cheraed. Busenberg and
(OI’75.15Ab24.3]An0,01) CIemenCy (1976)
Plagioclase 17 5.65 1d° 0.1 Grain size 70 Pure water Not characterized. Manley and Evans
(AnggAbzg) 106-500 (1986)

pum
Albite 17 5.65 1d° 0.1 Grain size 70 Pure water Not characterized. Manley and Evans
(AneAbgy) 106-500 (1986)

pum
Microcline 17 5.65 1d° 0.1 Grain size 70 Pure water Not characterized. Manley and Evans
(An2Ab3;0re7) 106-500 (1986)

pum
Anorthite 25 5.2 0.001 0.101 0.5 28 Pure water -11.52 Not characterized. Amrhein and
(Angz) Suarez (1988)
Anorthite 25 4.6 0.01 0.11 0.5 28 Pure water -11.46 Not cheriaed. Amrhein and
(Angz) Suarez (1988)
Anorthite 25 3.95 0.1 0.2 0.5 28 Pure water -11.22 Not cheraed. Amrhein and
(Angz) Suarez (1988)
Anorthite 25 3.1 10 10.1 7 Pure water 980 Not characterized. Sorai et al. (2005)
Anorthite 25 3.1 10 10.1 7 Pure water -9%80 Not characterized. Sorai et al. (2005)
Anorthite 25 3.1 10 10.1 7 Pure water 995 Not characterized. Sorai et al. (2005)
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Mineral T pH pCGO;, Total Time Initial Rate Secondary minerals Reference
(°C) (MPa) pressure (m?g)® (d) solution Log (mol
(MPa) m? st

Anorthite 25 3.1 10 10.1 7 Pure water 905 Not characterized. Sorai et al. (2005)
Anorthite 50 3.1 10 10.1 7 Pure water -9%0 Not characterized. Sorai et al. (2005)
Anorthite 50 3.1 10 10.1 7 Pure water 982 Not characterized. Sorai et al. (2005)
Anorthite 50 3.1 10 10.1 7 Pure water -882 Not characterized. Sorai et al. (2005)
Anorthite 50 3.1 10 10.1 7 Pure water -880 Not characterized. Sorai et al. (2005)
Anorthite 65 3.1 10 10.1 7 Pure water 884 Not characterized. Sorai et al. (2005)
Anorthite 65 3.1 10 10.1 7 Pure water -878 Not characterized. Sorai et al. (2005)
Anorthite 80 3.1 10 10.1 7 Pure water -887 Not characterized. Sorai et al. (2005)
Anorthite 80 3.1 10 10.1 7 Pure water -882 Not characterized. Sorai et al. (2005)
Anorthite 25 3.1 10 10.1 7 Pure water -10%2  Not characterized. Sorai et al. (2007)
Anorthite 50 3.1 10 10.1 7 Pure water -8160 Not characterized. Sorai et al. (2007)
Anorthite 80 3.1 10 10.1 7 Pure water 852 Not characterized. Sorai et al. (2007)
Anorthite 80 3.1 10 10.1 7 Pure water -1080 Not characterized. Sorai et al. (2007)

MAs total dissolved CO(mol/kg).PSA stand for specific surface ar€#lotal surface area measured geometricélee text for rates calculati®Rates interpreted by Hellmann (19%)verage

rates during 7 days of dissolutidRAverage rates during initial stage of dissolutiB#verage rates during steady-state dissolution.
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Table 1b. Feldspar dissolution experiments with the presence of G@mixed-flow reactor)

Mineral T pH pCO, Total SA Time (d) Initial solution Rate Secondary minerals Reference
(°C) (MPa) pressure (m?/g)®@ Log (mol
(MPa) m?s?)
Anorthite (Ar) 21 4.02 105 0.1 Pure water 1.60 Not characterized. Brady and Carroll
(1994)
Anorthite (Ary) 21 4.02 0.1 0.2 Pure water 1%10 Not characterized. Brady and Carroll
(1994)
Anorthite (Ars) 35 3.97 1d* 0.1 Pure water 2. Not characterized. Brady and Carroll
(1994)
Anorthite (Ars) 35 3.97 0.1 0.2 Pure water 736 Not characterized. Brady and Carroll
(1994)
Anorthite (Ar) 60 3.92 105 0.1 Pure water 9.87 Not characterized. Brady and Carroll
(1994)
Anorthite (Arso) 60 3.92 0.1 0.2 Pure water 10%9 Not characterized. Brady and Carroll
(1994)
Anorthite (CaAl1.94Si>.00s) 25 5.65 0.01 0.11 0.43 40-50 0.05 m Naga@d -11.889 Not detected by SEM Berg and Banwart
NaHCQ and XRD (2000)
Anorthite (CasAl1.94Si>.00s) 25 6.12 0.01 0.11 0.43 40-50 0.05 m Naga@d 11,789 Not detected by SEM Berg and Banwart
NaHCQ, and XRD (2000)
Anorthite (Ca Al; ¢S, (Og) 25 6.32 0.01 0.11 0.43 40-50 0.05 m NaCi@d -11.549 Not detected by SEM Berg and Banwart
NaHCQ, and XRD (2000)
Anorthite (Ca Al 1.6:Si> Os) 25 7.10 0.01 0.11 0.43 40-50 0.05 m NaCaad -11.369 Not detected by SEM Berg and Banwart
NaHCQ and XRD (2000)
Anorthite (CasAl1.94Si2.00s) 25 7.33 0.01 0.11 0.43 40-50 0.05 m Naga@d -11.38Y Not detected by SEM Berg and Banwart
NaHCQ and XRD (2000)
Anorthite (CasAl1.94Si2.00s) 25 6.67 0.001 0.101 0.43 40-50 0.05 m Nagciad -11.63Y Not detected by SEM Berg and Banwart
NaHCQ, and XRD (2000)
Anorthite (CaAl1.94Si2.00s) 25 7.20 0.001 0.101 0.43 40-50 0.05 m NaGiad -11.449 Not detected by SEM Berg and Banwart
NaHCQ, and XRD (2000)
Anorthite (CaAl1.94Si2.00s) 25 7.33 0.001 0.101 0.43 40-50 0.05 m NaGiad -11.419 Not detected by SEM Berg and Banwart
NaHCQ and XRD (2000)
Anorthite (CasAl1.94Si2.00s) 25 8.05 0.001 0.101 0.43 40-50 0.05 m Nagciad -11.269 Not detected by SEM Berg and Banwart
NaHCQ and XRD (2000)
Anorthite (CasAl1.94Si2.00s) 25 8.30 0.001 0.101 0.43 40-50 0.05 m Nagciad -11.27 Not detected by SEM Berg and Banwart
NaHCQ, and XRD (2000)
Labradorite (CadNap.sAl1665.40s) 31 3.2 0.61 /Y 0.03 0.4-2.5 Pure water -9.45 Probably Aluminum Carroll and Knauss
hydroxide by AFM (2005)
Labradorite (CagdNap.sAl166540s) 60 3.2 0.61 /Y 0.03 0.4-2.5 Pure water -9.02 Probably AluminumCarroll and Knauss
hydroxide by AFM (2005)
Labradorite (CgsNapsAl16:540s) 100 3.19 0.61 M 0.03 0.4-2.5 Pure water -8.34 Probably AluminumcCarroll and Knauss

hydroxide by AFM

(2005)

DAs total dissolved C(mol/kg).PSA stand for specific surface ar€¥Ratios ofr/r, as reported in Brady and Carroll (199%)- dissolution rate at 22C. ®Rate based on [Al], converted from mol

m?2ht,
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Table 2. Time-dependent changes in the composition of major dissolved species i

n

aqueous fluid coexisting with alkali-feldspar at £80or 200°C and 300 bars (30 MPa)

Time Nd& Mg© K' SiO, A¥ c& Li* NH,, CI COs(aq) pH

(h) (mMM/kg) 25°C 200°C,
30 MPa
Exp. S 0 - 200.0 - - 200.0 50.0 4.0 4.5
24  0.26 196.31 0.40 0.01 199.22 47.90 4.3 4.9
120* 1.89 200.6 1.960.006 2000 50.0 N.A. 5.0
144 0.45 194.30 1.88 0.01 196.51 44.47 4.5 5.1
312 0.93 195.35 2.30 0.02 197.48 4583 5.0 5.6
480 1.41 196.19 2.42 0.06 199.40 4535 5.1 5.7
648* 0.97 195.40 2.49 0.09 198.77 45.17 5.1 5.7
Exp. E 0 50.22 0.01 O O 0003 0 001 48.18 6.0 5.0 5.7
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
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
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
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
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
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
Exp. D 25°C, 150°C,
30 Mpa
0 198.66 0 0 O 0 © 195.43 13.3 3.7 3.8
24  199.780.13 0.11 0.470.0470.20 194.89 13.1 4.1 4.0
456  200.28 0 0 0.640.0390.18 192.02 11.5 45 4.5
960 197.14 0 0 0.850.0190.17 190.74 10.3 4.8 4.8
2472 19898 0 0.12 0.990.052 0 189.57 9.7 4.9 4.8
4392 196.500.15 0.24 1.000.0450.21 19143 9.3 5.0 4.9
5568 194.030.12 0.16 0.910.066 0 19150 9.2 5.0 4.9
6600 205.010.27 0.15 0.850.0710.29 194.72 92 5.1 5.0

Note: * Products were recovered for analysis. The overall arallgticor for dissolved species is
+5%. In-situ pH is calculated from distribution of agueous species atitms at the temperature

and pressure of the experiment using constraints imposed by major ebemesrtrations and
pH values measured at 5.

SEM photomicrographs of the feldspar grains following experiments (Fig. 2)
revealed laminar channels and etch pits, demonstrating dissolution hetetregewéh
albite laminae preferentially dissolved. Secondary minerals covered apptely 5% of

total alkali-feldspar surface in the 5-day experiment. Secondary rsinezee mostly

evenly distributed on feldspar surface, but aggregates at kinks were also observed.
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200 °C and 30 MPa (Experiment S).

55



a
@ ®o ¢ * *
mK
A SiO2
XAl
& CO2(aq

3 F AA A A A

Concentration (mM)

0 1000 2000 3000 4000
Time (h)

55

52 |
51 |
50 s
49
48. <O Na
a7 r e Cl
46
45

0

ol
<®
|

Concentration (mM)

0 1000 2000 3000 4000
Time (h)

Fig. 1b. Changes in the dissolved concentrations of selected aqueous constitbents w
time for the alkali-feldspar dissolution experiments with the presence 9200 °C
and 30 MPa (Experiment E).

56



1.2

a
1 [ ] [ ]
[ ] . [ ]
=
§, 0.8
[
k=) [ |
® 06 1 HSiO2
% [} A Al
g 04 ¢ XK
O
0.2 X X >
X
A N
O 1 1 1 1 1

0 1000 2000 3000 4000 5000 6000 7000

Time (h)
250
b
Mg e & ¢ o o
z
= 150 | ©Na
2 oK
©
= 4+ CO2(aq
8 100 +
c
(@]
@)
50 |
I il s + + 4+ +
0 1000 2000 3000 4000 5000 6000 7000
Time (h)

Fig. 1c. Changes in the dissolved concentrations of selected aqueous constitbhents w
time for the albite dissolution experiments with the presence ¢faCTb0 °C and 30
MPa (Experiment D).

57



HV Mag Det WD Pressure 11/16/2004 ———20.0pm
15.0 kV 1557x/ SSD 11.2 mm 0.23 Torr 5:29:49 PM

Figure 2a. Feldspar surface before the reactions (Experiment S).

WD |Pressure 06 —2.0pm

Fig. 2b. SEM backscatter image after 5 d reaction in Experiment S shavdssuittace
of feldspar. The coverage of secondary minerals on feldspar surface ismeS%tha
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Fig. 2c. SEM backscatter image after 5 d reaction in Experiment S shtaassurface
of feldspar. The coverage of secondary minerals on feldspar surface rales§84.

Fig. 2d. TEM images of alkali-feldspars after 120 h’s dissolution experifEgperiment
S) with the presence of G@sing ultrasonication sample preparation method. Bohemite
(plates) and un-identified phase (rod-like) were observed.

XRD pattern of the clay fraction of mineral products in the 5-day experiment
showed the presence of boehmite and muscovite (Fig. 3). Geochemical moekalits) r
show that the experimental solutions were undersaturated with respect to albite, but

supersaturated with respect to microcline with the exception of the firptesaand

supersaturated with respect to boehmite and muscovite (Table 3a). As shown by Zhu and
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Lu (2009), the saturation indices clearly showed that the partial equilibrium @tssum
was not held during the experiments. The reaction path evolutions in activityyactivi
diagrams will be described in Chapter 4. Therefore, we will not repeatsitigsdion

here.

Table 3a. Mineral saturation indices at each sampling time in experimettis fakali
feldspar dissolution in 0.2 M KCl and 0.05 M €&blution at 206C and 30 MP4a

Time In situ

(h) pH Albite Boehmite Diaspore Kaolinite Microcline Musdte Paragonite Pyrophyllite Quartz
24 4.9 -5.13 1.18 1.40 1.43 -0.88 3.44 -1.04 -0.96 960.
(120) 5.0 -2.41 0.87 1.09 2.18 0.99 4.69 1.06 1.19 -0.27
144 51 -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 -1.22 121 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 charaoberiha situ
pH was calculated from the speciation modeling.

Table 3b. Mineral saturation indices (SI) at each sampling time of Experithe

Time

) In-situ pH Albite  Boehmite Diaspore Kaolinite Microcline Musdte Paragonite PyrophylliteQuartz
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 3.18 122 130
672 5.7 1.08 1.67 1.89 4.12 0.72 6.03 6.15 3.44 11-0.
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 0.82 191 -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 mMkg NaCl solution andr/kg COyq at 200 °C and 30 MPa

For a first approximation, we used the average rates of Na and Si relgasg,

L™ sh), as the albite dissolution rates, i, = (A3[AStH+A[ATaJ/2’ where[Si] and

[Na] denote time series concentrations of Si and Narfor  corresponding to the fluid
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samples at 24 h and 480 h, we used rates retrieved from Na release data or HSeSi rele
data only, respectively, because the Si and Na concentrations for 24 h and 480 h appear to
be outliers, respectively. The method of using the average Na and Si vatyes as  has
also been used in previous studies (Alekseyev et al., 1997; Hellmann and Tisserand,
2006). Using the same method described above, we also calculated the dissolution rates
from a companion experiment at 2@ and 30 MPa but without the presence of, (Fd

et al., 2009). Two sets of rates are presented in Fig. 4.
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Fig. 3. X-ray diffraction pattern of mineral products recovered followingh.20-
experiment (Experiment S). Boehmite (ICDD card number: 21-1307), Muscovit®(ICD
card number: 6-263), Kaolinite (ICDD card number: 14-164) and feldspar were
identified.
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Fig. 4. Rates of alkali-feldspar dissolution in the Experiment S and a companiene€O
experiment (Fu et al., 2009) normalized to the initial BET surface areas (imfre)).
Symbols denote experimental rates and lines indicate different ragxpaassions.
AG, ,, values were calculated in Zhu and Lu (2009) and this study. The solid line

represents the Burch-type rate law (Eqn. 1) composed of two parallel fadedaghed is
based on linear rate law (TST).

The experimentdk= f(AG) relationship is generally consistent with the
empirical parallel rate law of Burch et al. (1993) in the form of,

R= Kk[1-exp(-nd™)l+ k[1- exp¢ )" (1)

whereR is the dissolution rate of the mineral (mdlrs®), which already considers

reactive surface are8 yith the unit of M L™), ky andk, denote the rate constants in
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units of mol 8 m?, g=|AG|/ RT, andn, my, andm, are empirical parameters. We used

k of 2.29 x 10° mol m? s* adopted from the mixed flow reactor experiment conducted

by Hellmann et al. (1990). This albite dissolution experiment was performed € 225
and pH 3.66, which is comparable to our experimental conditions’(a0d pH 4.0 at
25°C). The reported experimental rate (5.25 ¥ bl nf s*) at 225°C was
extrapolated to 208C with the Arrhenius equation and an activation en&aypf 65

kJ/mol. For parametens, andn, we adopted the values from Hellmann and Tisserand

(2006) (3.81 and 7.98 x Porespectively). The second term in Eqn. (3) is neither
determined in our experiments nor in Hellmann and Tisserand (2006). The evolution of

AG, ,, as a function of time was shown in Fig. 4.

To facilitate the comparison with other experiments (Table 1), we chosdédhe ra
from the first 24 h of hydrolysis of Experiment S as a representative forsmudion
rate. The choice of analyzing data at 24 h was made in order to limit the effbotk of
chemical affinity and the precipitation of secondary phases on rates té&diaée.g.,

Hellmann, 1994).

3.2. Results from Experiment E.

The temporal evolution of the aqueous chemistry was shown in Table 2 and Fig.
1b. SEM micrographs show dissolution features and precipitation of secondary minerals
on the feldspar surfaces (Fig. 5). K-feldspar dissolution was heterogenecosd&y
minerals with no preferred orientation deposited either near dissolution kinks or evenly
on the surface (Fig. 5). Geochemical modeling calculations show that the expariment

solutions were supersaturated with respect to albite with the exception oftlsarfnple,
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undersaturated with respect to microcline, and supersaturated with respetinatéioe
kaolinite, and paragonite (Table 3b). Alkali-feldspar dissolution rate Waslai@d for

24 h only with the same method as for Experiment S, but using K release rates afiste
Na. No attempt has been made to investigate the1fatéinction to derive parameters
for the parallel rate law (Eqn. 1) because the range of@és narrow (from ~ -14 to -1
kJ/mol) and rates are all located in the near equilibrium region.

The time series evolution of aqueous chemistry of experiment E is traced on
activity-activity diagrams of the N®-(Al,O3)-SiO,-H,0O-HCI system (Figure 6).
Because this experiment is a’Nfominated system with respect to, Kve present the
logaSiGqrlog(aNd/aH") activity-activity diagrams, which approximately portray the
phase relations pertaining to the experimental system. The solution chdelistithin
the paragonite stability field after 24 h for all samples except sample #Radleite
field was skipped in this case because the experiment was started witivalyehegh
initial pH. At 672 h, the solution was supersaturated with respect to microcline (Table
3b).

The supersaturation of boehmite and kaolinite while the fluid chemistry was
located in the paragonite fields indicates a departure from partial eiguiddiween the

aqueous solution and the secondary phases, as discussed in Zhu and Lu (2009).
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Fig. 5. SEM micrograph of products from Experiment E. (a) typical Alkali feldspa
heterogeneous surface after dissolution experiment. Dissolution featteesoés,
kinks, and steps are visible. Small amount of secondary minerals are depdséedesit
kinks (a,c) or evenly on the surface (b).
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3.3. Results from the Experiment D

The time series fluid chemistry from the dissolution of Amelia albitisted in
Table 2 and shown in Fig. 1c. Dissolved Sifxreased, reaching 0.85 mM after 960 h of
reaction (Table 2). Solids were recovered at the end of the experiment (286@0dr).
Typical dissolution features (e.g., terraces, kinks, steps) are visible onfdeesfrthe
albite particles (Fig. 7c, d, e), indicating that dissolution is heterogene@os\daey
mineral precipitation is visible on the feldspar surface (Fig. 7d, f). XRDrpat®ws
that the secondary minerals are paragonite and minor kaolinite (Fig. 8). Taecgre$
kaolinite was confirmed with TEM micrograph (Fig. 9a). TEM also shows themees
of an Al-bearing phase, probably boehmite (Fig. 9b,c). Albite dissolution rate was
calculated with the same method as Experiment S from the 24 h data only. Titetedlc
logarithm dissolution rate at 24 h is -9.62. We did not attempt to investigate theate-
function to derive parameters for the parallel rate law because albiwiticss was
complicated by the secondary mineral precipitation as indicated by thst@ecsi of
solution chemistry in the kaolinite field after 960 h (Fig.10).

The concentrations of dissolved €@ decreased from 13.3 to 9.2 mM. The
decrease of C{q concentrations with time suggests possible precipitation of a
carbon-containing phase such as dawsonite [NaAlCB),]. However, XRD pattern
(Fig. 8) did not show discernable peaks of dawsonite. Geochemical modelinghesing

solubility product for dawsonite, described by the reaction af@50

NaAICO, (OH), +2H,0=N4 +Al(OH)} +HCQ +H )
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was calculated from equation 15 of Bénézeth et al. (2007), which is based on their
solubility measurement of dawsonite at 50 — 2D0The results showed that the
experimental solutions were undersaturated with respect to dawsonite, which
corroborates with the XRD results. Alternatively, the decrease et&€uld have
resulted from degassing of the samples. Figure 10 shows the dawsonite stelollity f
under typical reservoir conditions of 18D and 300 bars. At 15 and 300 bars, GO
solubility in a 0.2 m NaCl solution is approximately 1.38 M (Duan et al., 2006).
Dawsonite is not a stable phase even in €furated solutions at 180 (Fig. 11). Our
conclusion is thus in agreement with that of Hellevang et al. (2005) that daavsamit
stable in typical formation waters.

The time series evolution of aqueous chemistry of Experiment D is traced on
activity-activity diagrams of the N@®-(Al,Oz3)-SiO,-H,O-HCI system (Fig.10). The
solution chemistry fell within the kaolinite stability field after 24 h. Dbgrk4 — 960 h,
the solution chemistry evolved progressively towards paragonite stalaldy However,
after 960 h the solution chemistry lingered within the kaolinite field until the end of the
reaction. Albite dissolution seems to reach a steady state during thiasimeicted by
the almost constant Si concentrations in the solution (Table 2).

Saturation indices calculations indicate that the solution was almost always
supersaturated with respect to boehmite, kaolinite paragonite, pyrophylliteneatits
(beidellite and montmorillonite) when the fluid chemistry was located in ka®linit
stability field. These facts confirmed that the partial equilibriuna@ggion does not
hold (Zhu and Lu, 2009). The solution was undersaturated with respect to albite during O-

456 h, but slightly oversaturated during 960-6600 h. Considering the dissolution of
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almost pure albite in this experiment, the activity of albite should be close yandit

the solution should be undersaturated or at equilibrium with respect to the albite.
Therefore, the calculated SI (>0) indicates that the equilibrium cortdtatitite

dissolution reaction has an error of at least 0.65 log units, which correspond to 5.3 kJ of
the Gibbs free energy of formation of albite at $60This value is only 1.6 kJ higher

than the propagated errors from 95% confidence interval from the reported standard
deviation of enthalpy of formation at 26 alone (Holland and Powell, 1998). Holland

and Powell(1998)’s data for albite are from Robie and Hemingway (1995), who allso use
Amelia albite to derive thermodynamic properties for albite frorargaktric

measurements. Al-Si order/disorder has significant effect on feldepadyility

(Arnérsson and Stefansson, 1999). Crystals of Amelia albite is partially disdr@eg.,

Holm and Kleppa, 1968). Although both Robie and Hemingway (1995) and this study
used Amelia albite, it is possible that the two specimens of Amelia albjtsmoav

slightly different Al-Si distributions. This leaves an uncertainty in caloul the degree

of saturation of waters of specific composition with feldspars of a given caimpos
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Fig. 7. SEM micrographs of Experimentsbow (a) albite grains before the hydrothermal
experiments, which are free from extra-fine particles and have arstpalpes. This
morphology is to be compared to reacted feldspars; (b) an albite particle sftdution
experiment. Surface topography consists of irregular, blocky terrauedofeign objects
are possibly debris of albite; (c) enlargement of (b). Seesaw edgesaition terraces.
Terraces covered by barely visible surface precipitates («0)5n the form of platy
crystals. The total coverage is about 1%; (d) surface of an albite pafteieeaction
showing dissolution stepwaves on twinned crystals. Precipitate is made ajaggref
secondary crystals; (e) an albite particle after dissolution empeti Surface topography
of dissolution terraces with irregular edges and irregular etch pits (witgizhef <0.1
um -1um). The dissolution was intensive; (f) clusters of small secondary kcrysta
aggregates and dissolution terraces with seesaw edges (about 6600 hours).

4. DISCUSSION

4.1. Partial equilibrium

Zhu and Lu (2009) examined the partial equilibrium assumption with speciation-
solubility geochemical modeling and concluded that the partial equilibrivmmasion
does not hold. In this study, three additional experiments aic6&ged conditions
support Zhu and Lu’s conclusion. Saturation indices calculations indicate that the
experimental aqueous solutions were supersaturated with respect to secandealg m
for almost the entire durations of the experiments (Tables 3). In addition, forifa&per
D, coexistence of kaolinite and an aluminum-bearing mineral (probably boehnste) wa
proved by TEM analysis (Fig. 6), indicating that the earlier precipit&eohsiary
mineral (aluminum-bearing mineral) did not dissolve but persisted during the thet of
experiment. In other words, the sequential mineral dissolution and precipitation or
mineral paragenesis as predicted by the partial equilibrium assumptiooivasserved

in our experiments.
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Fig. 8. X-ray diffraction pattern of mineral products following albite dissofuti
experiment (Experiment D dawsonite). A- Albite, ordered (ICDD: 9-46®afrgonite-
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 tungatiation (due
to aged XRD tube) peaks of Albite and Paragonite, respectively. Grey litexirff)-
slurry mount” method. Black line: “slurry mount” method.
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Fig. 9. Experiment D (dawsonite) TEM images (a) kaolinite like clay panvah a d-
spacing ~ 0.7 nm; (b) A and B are Al-containing particles, probably boehmite; &) ED
that shows A and B contain mainly Al.

log(asio,, )

Fig. 10. Activity — activity diagrams showing the phase relations in ttersyNaO-
(Al205)-Si0,-H,0O-HCI at 200 °C and 30 MPa. The dashed line in (a) denotes quartz
saturation. Symbols represent experimental results of albite dissolution inr26idkg

KCI solution and 13.3 mmol/kg GQagpat 150 °C and 30 MPa. The activity and activity
ratios were obtained from speciation modeling of the experimental syst€DakN@-
Al,03-SiO,-H,O-HCI, based on the experimental solution chemistry data in Table 2.
Points 1 through 7 represent experiment solutions at reaction time of 24, 456, 960, 2472,
4392, 5568, and 6600 h, respectively. The red line in (a) and red dashed line in (b)
connecting experimental data is for visualization of fluid chemical evolution.
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Fig.11. Activity-activity diagram depicting mineral stabilitylfis in the system N&®-
Al,03-SiO,-CO,-H,0 at 150 °C. Si@activity is fixed by quartz saturation. Dots stand
for experimental data from Experiment D. Dashed line ig €filibrium line (total CQ
concentration of 1.38 M) at 15C.
4.2. Rate dependence goCO,

The effect of CQon dissolution is of current interest because the storage HinCO
deep saline aquifer potentially promotes the mineral dissolution and carbonate
precipitation reactions. Helgeson and co-workers (1971; 1984) interpreted thekffect
carbon dioxide on the dissolution rate in the feldspar dissolution experiments o¢agac
(1965, 1976) as a pure pH effect, amplifying the reaction with the hydrogen ion.
However, Sverdrup (1990) indicated that the entropy change on formation of the

activated surface complex for the hydrogen ion reaction is different from tiopent

change determined for the reaction with,CBe further modeled the effect g€O, on
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dissolution rates of several minerals. Carbonate surface complexes formas@lso
observed on goethite (Russell et al., 1975; Vangeen et al., 1994; Zeltner and Anderson,
1988), hematite (Bruno et al., 1992), and wollastonite (Xie and Walther, 1994). These
interpretations and experimental observations can be summarized into two schools of
opinions: (1) addition of C@into the system does not change the mechanism and the
effects of CQ are either on solution pH or negligible; (2) £&hanges the dissolution
mechanism and forms surface complexes by adsorption onto the mineral surface.
Therefore, effects of pH on feldspar dissolution are still controversiacént
experimental investigation (Carroll and Knauss, 2005) indicated that elev@te
concentrations enhanced labradorite dissolution indirectly by acidifyingesojut at

the temperature conditions (30-1%D) relevant to carbon sequestration. We propose not
to consider alteration of mechanism for modeling the effects efdd@eldspar

dissolution at the current stage. However, this is only a provisional choiceol&lod r

dissolved CQon feldspar dissolution rates calls for further studies.

4.3. Literature experiments involving feldspar hydrolysis in CQ-charged solution
CO,-charged feldspar dissolution experiments provide “ground truth” to assure

the reliability of numerical models used for evaluating and optimizing injecti

programs. Table 1 summarizes experiments reported in the literature. Careful

mineralogical characterization is the key to understanding the couplingispéel

dissolution-secondary mineral precipitation reactions. However, most ettty ba

experiments did not analyze reaction products (e.g., Amrhein and Suarez, 1988; Brady

and Carroll, 1994; Busenberg and Clemency, 1976; Lagache, 1965, 1976; Manley and
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Evans, 1986) even though secondary minerals are observed in some of the experiments
listed above. The inferences of the secondary mineral identities from projelctioins
chemistry in the “stability fields” of activity-activity diagraniGardner, 1983) relies on

the partial equilibrium assumption, which Zhu and Lu (2009) has demonstrated that it
does not hold in feldspar hydrolysis experiments. Table 1a shows that only a limited
number of experiments have characterized secondary minerals and cad teestsey

the coupling between dissolution and precipitation reactions.

Temperature and pressure conditions relevant to undergrounst@@&ge vary
widely, approximately 40-20%C and 2-100 MPa (Bachu, 2000; Benson and Myer, 2000;
Carter et al., 1998; Hitchon et al., 1999; Hurter and Pollack, 1996). However, most of the
T, P conditions of literature studies are not in this range. Most studies prq@{&d
values, although the values are relatively low with respect to injectionticorsdiSorai et
al. (2005) and Hangx and Spiers (2009) used higGé€x values (up to 15 MPa), which
are much closer to the injection conditions. The @@, conditions are still useful
becaus@CO, may vary significantly away from the injection well. In addition, different
pCO, conditions are also valuable to study effectp@D, on feldspar dissolution rates.
Figure 12 compares experimentalP conditions with those relevant to geological
sequestration superimposed on the, lase diagram.

Equilibrium constants for aqueous and mineral dissolution reactions at
temperatures and pressures of interest are listed in Table 4. The choices of the
thermodynamic properties for most aqueous species and minerals and thei@alculat

methods have already been described in the Experimental Section. This compilation
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features incorporation of an internally consistent, relatively new datasetolland and

Powell (1998) and new data for Al-bearing aqueous species (Tagirov and Schott, 2001).
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Fig. 12. Experimental-P conditions compared with, P ranges relevant to geological
sequestration (40-20C, 20-1000 bars, or 2-100 MPa, gray shaded area) superimposed
on carbon dioxide phase diagram (data from Brubacher, 2006). Total pressure in the
system instead @CO; is used for representing experimental data.

For feldspar dissolution rate laws, almost all published reactive transport
modeling for CQ injection used the Transition State Theory (TST) (Lasaga, 1981a;
Lasaga, 1981b) formulation for elementary reaction to model the overall feldspar
dissolution reactions (Andre et al., 2007; Audigane et al., 2007; Gaus et al., 2005;

Gherardi et al., 2007; Lagneau et al., 2005; Maher et al., 2009; Xu et al., 2004; Xu et al.,

78



2005; Xu et al., 2007; Zerai et al., 2006) either with or without considering the pH effect
(e.g., acid, neutral, and basic mechanisms). The TST rate law feature=aa pfa

constant rate at a solution chemistry condition far from equilibrium, but ratesadec
exponentially near equilibrium. As a consequence, this law only starts toth#eate at

AG; > -10 kJ/mol at 206C (e.qg., Fig. 4). However, a number of experiments near
equilibrium have shown that actual relationships betweernAG, deviated from the

TST linear rate law (Alekseyev et al., 1997; Beig and Luttge, 2006; Burth ¥9@3;

Gautier et al., 1994; Hellmann and Tisserand, 2006; Nagy et al., 1991; Nagy and Lasaga,
1992; Nagy and Lasaga, 1993; Oelkers et al., 1994; Schramke et al., 1987; Taylor et al.,
2000), instead they show a sigmoidal shape. As discussed in Zhu (2009), the empirical
rate law of Burch et al. (1993) (Eqn. 1) is sufficient to fit the experimelatal (as it is

the case shown in this study) although it is by no means a mathematically unique
expression. This empirical rate law affects the rate aci@eange of ~ -60 to -10 kJ/mol
after a constant rate plateau at far from equilibrium condition (e.g., Fig. 4pudowhe
dependence of dissolution rate 4G, and thus the reaction mechanism are still poorly
understood (Beig and Luttge, 2006; Brantley, 2008), especially when the solution
chemistry is close to equilibrium. Nevertheless, we proposed a rate law foom dibat

albite dissolution

r _Eaacid 1 1 , _Eaneutral 1
s” {kggfdlskexp R T 298.15) a;# + krzzgg'tlrsaklexp [T (F —
! 1
298.15)]}{1 —exp (-ng™) + Z[1 — exp(=g)]™* 3)

where k22815% andk2981°k denotes rate constant of acid and neutral mechanisms at

295.15 K, respectively. is the feldspar dissolution rate in mdils*, Sis the specific
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P —-Eq /1
reactive surface area per kg exp [T“ (F — oeis

)] Is a function using activation

energyE, to calculate the rate constant at the temperature of interest. The spfserscr
“acid” and “neutral” forE, denote activation energy for acid and neutral mechanisms,
respectivelyr, g, n, my, m; have been defined beforeis ratio of far from equilibrium

and close to equilibrium ratesis the empirical reaction order accounting for catalysis by
H* in solution k22815 29815k 'p acd g neutal gngi 101%® mol m? s*, 10**** mol m®

s, 65 kd/mol, 69.8 kJ/mol, and 0.457, respectively (Palandri and Kharaka, 2004). For
my, mp, andx, we adopted values from Hellmann and Tisserand (2006), which are 7.98

x107°, 3.81, 1.17, and 56.65, respectively.

5. CONCLUSIONS AND REMARKS

In order to evaluate the complex interplay of £&ifine-feldspar interactions
relevant to geological carbon sequestration, we have investigated thensact
feldspar-CG-brine systems under hydrothermal conditions (150°208nd 30 MPa).

Our main findings can be summarized as follows:

(1) This study provided both solution chemistry evolution and secondary mineral
data of three feldspar hydrolysis batch experiments atdb@rged conditions. Most
previous studies either did not analyze the secondary minerals or the solutiortrghemis
The data of both are useful to decipher the coupling of dissolution and precipitation
reactions in C@charged systems.

(2) Speciation-solubility calculations indicate that the experimauaous
solutions were undersaturated with respect to feldspar reactants andtsupiecavith

respect to clay minerals for almost the entire duration of the experimergasket
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dissolution features (etch pits, channels, kinks, and steps) were observed, indicating
significant water-rock interactions. Boehmite, kaolinite, and paragoniteideargfied as
secondary minerals. The presence of these secondary phases are observedramgevide
of experimental and field conditions (e.g., Apps et al., 1989; Bénézeth et al., 2001, 2008;
Bourcier et al., 1993; Burch et al., 1993; Carroll and Walther, 1990; Castet et al., 1993;
Devidal et al., 1997; Ganor et al., 1995; Gautier et al., 2001; Hangx and Spiers, 2009;
Hemingway et al., 1991; Nagy et al., 1999; Small, 1993; Wieland and Stumm, 1992;
Yang and Steefel, 2008), and thus are likely to be formed under injection conditions.

A review of experiments reported in the literature indicates that thawalable
are insufficient and our understanding of tfdine-feldspar interactions is still poor.
New experiments are urgently needed to establish a database about feldspdiotiss
mechanism, rates and rate laws, and secondary mineral information at reservoi
conditions that can be used in performance and risk analysis modeling. We provided a
thermodynamic dataset at 6 different temperature and pressure conditions anedoaopos
rate law formulation for albite dissolution which can be incorporated intoveacti

transport modeling.
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CHAPTER 4

ALKALI FELDSPAR DISSOLUTION AND SECONDARY MINERAL
PRECIPITATION IN BATCH SYSTEMS: 3. SATURATION STATES OF
PRODUCT MINERALS AND REACTION PATHS °

% This chapter has been published as Zhu, C., L2d®9. Coupled alkali feldspar dissolution and
secondary mineral precipitation in batch system&auration Indices of Product Minerals and Reacti
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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 getrghemis
that has received relatively little attention since the initial propostilatpartial
equilibrium may exist among mineral products from the dissolution of the primary
mineral (e.g., feldspar) and the aqueous solution (Garrels and Mackenzie,
1967; Helgeson, 1968, 1970, 1971, 1974, Helgeson et al., 1969, 1970; Helgeson and
Murphy, 1983). The term “partial equilibrium” was used by Helgeson (1979) to descri
the feldspar—water system as an example, in which all aqueous speciesgantbaium
with each other and (selected) secondary minerals are at equilibrium wattpubeus
solution but the aqueous solution is not at equilibrium with feldspar. As a consequence of
partial equilibrium, mass transfer processes in silicate weathestenss is regarded as
driven by irreversible dissolution of the primary mineral (Helgeson, 1979). A laxdye
of literature on silicate weathering has focused on feldspar dissolutesnimagoils
and groundwater, with little references to the kinetics of product mineral préoipita
(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 reactiatsf the
partial equilibrium assumption does not hold, agueous chemistry evolution, mineral
paragenesis, and reaction rates could deviate significantly from thesblielgassic
reaction path model (Steefel and Van Cappellen, 1990; Lasaga et al., 1994, 1888y
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 derivedrfdidsphution
rates and those measured in the laboratory (Paces, 1983; Velbel, 1990; Brantley, 1992;
Blum and Stillings, 1995; Drever and Clow, 1995; White and Brantley, 2003; Zhu, 2005;
and references therein), which currently is under intense and activecheseayeneral,
field derived feldspar dissolution rates are two to five orders of magnitude shawer t
laboratory measured rates (ibid). Note, however, that when comparing field and
laboratory derived rates, one must be careful that the former represent butfeatiee
rates and the latter are usually measured at conditions far from equilibium2Q05).
Nevertheless, such a large discrepancy underscores our poor understanding of some the
fundamental chemical and physical processes which control silicat®neaoetics in
nature.

Numerous hypotheses have been proposed in the literature to explain the
persistent discrepancy between field and laboratory feldspar dissolugenThese
hypotheses include the possible armoring effects of the secondary mihata&isat the
feldspar grain surfaces (Correns and Von Engelhardt, 1938; Correns, 1940; Helgeson,
1971, 1972; Luce et al., 1972; Paces, 1973; Busenberg and Clemency, 1976; Chou and
Wollast, 1984; Nugent et al., 1998), the possible effects of the leached layer (hlice et
1972; Busenberg and Clemency, 1976; Chou and Wollast, 1984; Hellmann et al., 1990;
Brantley and Stillings, 1996; Hellmann, 1997; Nesbitt and Skinner, 2001; Oelkers, 2001),
approach to saturation with respect to feldspars (Burch et al., 1993; Gautiel 294j

Oelkers et al., 1994; Oelkers, 2001; Beig and Luttge, 2006; Hellmann and Tisserand,
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2006), biological effects, inhibition of adsorbeddn feldspar surfaces (Chou and
Wollast, 1985; Gautier et al., 1994; Oelkers et al., 1994; Oelkers, 2001).

One distinction that differentiates the field and laboratory conditions is that
weathering product minerals are often intimately associated withithargrminerals 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 avoided by adjusting the cingamst rate
of recirculation of the fluid phase. Recognizing the close association lvetineee
secondary minerals and primary mineral in the field, Zhu et al. (2004a) proposed a ne
hypothesis for explaining the laboratory—field discrepancy wherein the slotickiné
secondary clay precipitation is the rate limiting step and thus controls tfadl detelspar
dissolution rate. Clay precipitation removes solutes from the aqueous solution,
maintaining a condition of feldspar undersaturation, makes additional feldspaluticn
possible, but the slow clay precipitation (or smaller effective rate coastathtrespect
to that for the dissolution reaction, see below) results in a steady statelmtid
agueous solution is near equilibrium with feldspar. Therefore, slow clay pa¢icipit
could effectively reduce feldspar dissolution rates by orders of magnituaéashion
consistent with laboratory rates at conditions far from equilibrium, the control of
dissolution rates by the Gibbs free energy of the reaction, and many fieldatiens
(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 equilibriumhegist

Therefore, we have conducted a series of batch experiments of feldspar dissoidti
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secondary mineral precipitation at elevated temperatures and pressueesil(F2009).
The new experiments are necessary because earlier studies, mostlyembirdtrct

1960s, typically did not (1) measure the aluminum concentrations that are netassary
saturation index evaluations; (2) analyze (or had the capacity to analizzhevit
techniques of the time) mineral products of nanometer size in great detail,adg(3) t
steps to ameliorate the influences of fine particles on the feldspacesutfeat were later
found to produce parabolic rate law artifacts (Holdren and Berner, 1979).

This paper presents speciation—solubility modeling evaluating solid—fluid
equilibria at discrete time points during physical experiments when fluid samwele
analyzed. These calculations were then used to constrain fluid evolution paths o orde
determine whether the partial equilibrium assumption provides a reasonabléqmmedic
for the reaction paths measured. This approach, while providing only “snapshots” and
not a full “movie” of the reaction paths as could be computed using a forwardreacti
path modeling approach, assumptions involved in applying such a numerical model (e.g.,
reactive surface areas and the forms of rate laws) which would intrastltpatential
disadvantages that it is unlikely that we could reliably test the utilityeop#tial
equilibrium model. It is important first to establish the evaluation of the partia

equilibrium hypothesis without these assumptions.

2. BACKGROUND

To facilitate the discussions that follow, let us start with the classazdian path

model of feldspar hydrolysis (Helgeson, 1968, 1971, 1979; Helgeson et al., 1969), which
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states that: (1) dissolution of primary feldspar is the rate limiting irsédMe reaction and

the driver of all processes in the system; (2) precipitation of all secondzeyails is

instantaneous; (3) the aqueous solution is at equilibrium with or undersaturated with

respect to all secondary minerals at all times; (4) fluid chemistry echeyshase rule,

such that on our two-dimensional activity—activity diagrams (abbreviataenas

diagrams hereafter) at constant T and P, if three phases are present tlugoh rtinest

follow a linear phase boundary until one of the solid phases is no longer present; and (5)

secondary minerals dissolve and precipitate in a paragenesis sequengosoas a

chemistry evolves. This model has been described in nearly all geochdextingoks

(see Anderson and Crerar, 1993; Krauskopf and Bird, 1995; Drever, 1997; Faure, 1998).
Consider the classic example of K-feldspar (microcline) hydray&s°C and 1

bar in a closed system (Fig. 1a). Because it is out of equilibrium, feldspaivdsm

pure water (with a little HCI) that initially contains essentially ndk$Sor 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 (Sl) obzero f

gibbsite and is undersaturated with respect to kaolinite and muscovite. At point 2,

kaolinite starts to precipitate. The coexistence of gibbsite and kaolinferdtife

activity of silica, and the fluid composition moves along the gibbsite—kaolotindary

on thea—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 gibbsit

consumed, the fluid composition departs from the gibbsite—kaolinite boundary and

traverses the kaolinite stability field toward microcline. Within the ikéel stability field
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(point 4), the solution is undersaturated with respect to gibbsite (S| < 0), sdtwitt
respect to kaolinite (SI = 0), and undersaturated with respect to muscogitél{Fi
Between points 4 and 5, as K and Si concentrations increase, the solution reaches
saturation with respect to muscovite, and muscovite starts to precipitateo&hstence

of muscovite and kaolinite buffers the activity rat{/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. Néhen t
reaction path reaches point 7, quartz saturation is achieved. There are tvenidiféths
depending on whether quartz precipitates. If quartz precipitation is inhilhigedplution
continues to evolve along the direction of poirtgoint 7, towards the K-feldspar field.
If quartz precipitates, the solution would evolve along the direction of pe#point 8,
i.e., along the quartz saturation line (dashed line). In the second case, muswdvite
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 woul
not encounter the muscovite stability but would reach the microcline field through the
kaolinite field or directly from the gibbsite field into muscovite field Ig¢son, 1979;
Steinmann et al., 1994). While teea diagrams depict the evolution of fluid chemistry
(i.e., reaction path) in the feldspar—water system, the mineral abundance tiraes
diagram (Fig. 1c) depicts the sequential appearance and disappearance tef, gibbsi
kaolinite, muscovite, and quartz as the fluid moves from one stability field to another

following the well known paragenesis sequence determined by thermodgnamic
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Fig. 1. Reaction path of the dissolution of micioelin pure water at 2°C. (a)

Time (y)

Equilibrium activity-activity diagram; (b) calculated mineral saturatiodices; and (c
mineral abndance versus time. Thermodynamic data were Table 1i, except for
gibbsite (Robie and Hemingway, 1995). A linear law with a rate constant of *2
mol m? s* and a surface area of 0.1%/g (for total of 0.8 mol feldspafor microcline

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

25°C | 9C°C, |15C°C,| 21C°C, |200°C,| 300°C, |Ref

Agueous reactions 0.1 MPg0.1 MPg Psat| Psat |30 MPg8.8 MPg
q 7] 1 (1)

H,0 = OH + H' -13.99% 12.42] 11.631 -11.242 11.163 -11.29
Al¥" + H,0 = AI(OHY* + H' -4.964 3.249 -2.129 -1.26p 1444 -0.29 (2)
Al* + 2H,0 = AI(OH)," + 2H' -10.921 7.36( -5.043 -3.264 3.6 -1.119 (2)
Al¥* + 3H,0 = AI(OH),° + 3H' -17.044 12.25] -9.164 -6.82B 7.30] -4.03§ (2)
y @

Al%* + 4H,0 = AIOH), + 4H' -22.851 17.29 13.74] -11.08¢ 11.577 -8.15(
- 1@

Al®* + N& + 4H0 = NaAI(OH)? + 4H" -22.90 16.94 13.09] -10.153 10.74 -6.63
Al¥ + SIQ° + 2H,0 = AlH3SIO + H' -2.357 0.274 1.02¢ 2.00p 1.8 3.184 (2)
q 7] ] ] (3)

Na* + H,0 = NaOH + H' -14.20% 12.56 11.641 -11.047 11.08] -10.48
SiO,° + H,O = HSIOy + H* -9.583 9.014 -8.802 -8.86p 8.707 -9.43( (3)
SiO° + Na' + H,0 = NaHSIiQ® + H' -7.754 7.744 -7.753 -7.82p 7.761 -7.984 (3)
Ca&" + H0 = CaOH + H' -12.833 10.43] -8.903 -7.75f 7.96] -6.434 (3)
Acetate + H" = HAcetaté 4757 4.904 5.194 5.594 6.501 (4)
Acetate + Na' = NaAcetate -0.103 0.089 0.424 0.869 1.794 (5)
2Acetate+ Na' = Na(Acetate) -0.483 -0.36] 0.244¢ 1.079 2.734 (5)
Acetate + C&* = CaAcetate 0.931 1.259 1.822 2.53% 3.947 (5)
2Acetate+ C&* = Ca(Acetatey 144 1.93] 3.013 4.398 7.159 (5)
Acetate + AI** = Al(Acetatef* 2.66 2.4091 2.60¢ 3.05] 4.171 (5)
2Acetate+Al*" = Al(Acetate)” 5.2 4.323 4.429 5.08j 7.04 (5)
3Acetate+ AI** = Al(Acetate)° 7.169 5.29¢ 5.138 5.878 8.553 (5)
7 q b (3)

K* + H,0 = KO + H' -14.439 12.584 11.551 -10.88% 10.939 -10.26
Cl + C&' = CcaCf -0.293 1.144 3)
2CI+ C&" = CaC}° -0.644 0.672 3)
H* + CI = HCP -0.71( 0.15 (6)
K"+ CI = KCI° 0.45¢ (@)
Na* + CI = NaCP -0.771 0.014 3)
HCO; + H'=CG, + H,O 6.34% 6.34] 6.724 7.30p 8.529 (3)
HCO; = CO? + H' -10.329 10.08] -10.4 -10.53f 11.467 (3)
HCO; + Na = NaCQ + H' -9.454 8.464(10)
HCO; + Na’ = NaHCQ® -0.103 2.004(10)
HCO; + K" = KCOy + H -9.454 8.464(10)
HCO; + K = KHCO,® -0.103 2.004(10)

Mineral dissolution reactions

NaAISi;Og (Albite) + 4H" = AIP* + Na + 3SiQ° + 2H,0 2.06 0.057 -1.713 -3.0p 2.504 -4.714 (8)
NaAISi,O/H; (Analcime) + 4H = AI** + Na + 2SiQ° +3H,0 6.391 3.464 14171 -0.15p 2.114 (8)
CaAlLSi,Oq (Anorthite) + 8H = 2AF* + C&* + 4H,0 + 2SiQ° 23.68 14.26( 7.819 2.739 4.044 -3.604 (8)
AlO,H (Boehmite) +3F1 = APF* + 2H,0 7.610 4.023 1.66¢ -.198 .249 -2.53) (9)
AlO,H (Diaspore) +3H= AI** + 2H,0 7.19 3.1 1.401 -0.40f 0.04 -2.68§ (8)
Al,Si,05(OH), (Kaolinite) + 6H = 2AF* + 2SiQ° + 5H,0 4.50 0.254 -3.53% -6.11p 5.354 -9.449 (8)
KAISi;0s (Microcline) + 4H = AI*" + K* + 3SiQ° + 2H,0 -1.0§ 2.301-3.434 -4.37F 3.92] -5.694 (8)
KAI 3Siz0:¢(OH), (Muscovite) + 10H = K* + 3AP* + 3SiQ° + 6H,0 11.2 3.297 -2.250 -6.68f 5.401 -12.444 (8)
NaAl;Si;O:(OH), (Paragonite) + 10H= Na' + 3AP" + 3SiQ° + 6H,0 14.39Y 5.681-0.324 -5.084 3.753 -11.164 (8)
AlSi,0:4(OH), (Pyrophyliite) + 6H = 2AP* + 4H,0 + 4SiQ° -1.724 5.394 -8.234 -10.54Pp 9.739 -13.641 (8)
Si0; (Quartz) = SiFF -4.047 3.204 -2.7532 -2.414 2.424 -2.033 (8)
KAISi ;05 (Sanidine) + 4H= AI** + K* + 3SiQ° + 2H0 -0.00: 1.571 -2.911 -4.00, 5.494 (8)
KAISIO, (Kalsilite) + 4H = K* + A** + SiQ° + 2H20 12.548 1.187 (8)
NaAISiC, (Nepheline) + 4H= Nd + AI** + SiQ° + 2H20 13.428 1.184 (8)

(1) Haar et al. (1984); (2) Tagirov and Schott (2Q@3) Sverjensky et al. (1997); (4) Shock e{(a095);
(5) Shock and Koretsky (1993); (6) McCollom and &@L997); (7)Ho et al. (2000); (8) Holland and
Powell (1998) for minerals and (1), (2), and (3)dgueous species; (9) Hemingway et al. (1991) for

boehmite; (10) Alekseyev et al. (1997).
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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
Al-bearing species and| Al-bearing species, Al-bearing species, Al-bearing species from
NaOH from Pokrovskii | from Shock et al. from Shock et al. Tagirov and Schott
and Helgeson (1995); | (1997); (2997); (2001); KCP from Ho et
al. (2000);
All other species from | All other species from | All other species from
Aqueous | Sverjensky et al. (1997) Sverjensky et al. (1997) Sverjensky et al. (1997) All other species from
species | and those internally and those internally and those internally Sverjensky et al. (1997)
consistent to Sverjensky consistent to Sverjensky consistent to Sverjensky and those internally
et al. (1997) in earlier | etal. (1997) in earlier | etal. (1997) in earlier | consistent to Sverjensky
Helgeson and co- Helgeson and co- Helgeson and co- et al. (1997) in earlier
workers’ publications. | workers’ publications. | workers’ publications. | Helgeson and co-
workers’ publications.
Al oxyhydroxides from | Helgeson et al. (1978) Holland and Powell | Holland and Powell
Pokrovskii and (1998) (1998); Boehmite from
Minerals | Helgeson (1995); all Hemingway et al.

others from Helgeson et

al. (1978)

(1991)

SEquilibrium constants, corresponding to those listed in Table 1a for the baseline case

are listed in the Electronic Annex.

However, Lasaga (1998) used different ratios of rate corigtakts , wherei

stands for clay minerals gibbsite, kaolinite, or muscovite, and showed thadnmgsaths

could deviate from the classic reaction path model if the secondary minenatg ate

equilibrium with the aqueous fluid. These calculations used a simplified rate law

R:ki

AG,
R—T” whereR; stands for the rate ah chemical reaction&G;; the Gibbs free

energy ofith reactionR the gas constant, addemperature in Kelvin. The rate

dependence on the hydrogen ion (Helgeson et al., 1984), adsorbed aluminum (Oelkers et

al., 1994), or other complicating factors were not considered in these illustrative

calculations.

The deviations from partial equilibrium are manifested in two forms. First, the

fluid chemistry no longer evolves along the mineral stability boundaries, laut émto

another mineral stability field across the boundary at an oblique angle (ttece
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reaction path is different from the classic reaction path modelms of fluid chemistry).
Second, the secondary minerals precipitated earlier no longer dissolve congddheid
moves into the stability field of another mineral lower in the paragenesisteeqbeit
persist for a duration determined by the rate constant ratios. For exampaegibbsite
persists when the solution chemistry is in the stability field of kaoliniteréelmay be a
region of coexistence of gibbsite and kaolinite, and even a region of coexibtisgey

kaolinite, and muscovite. These regions become larger as the rakakqf, become
smaller. Zhu et al. (2004a,b) showed that wherkiti&,, ratios (or more precisely, the

effective rate constants definedkis= k x surface area) are in t@o 10% clay
precipitation becomes the rate limiting step and a steady statdqueegisvhich 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 reterthis scenario

*

(i.e., k' Ik, <<1). However, these numerical predictions were intuitive and illustrative.
The partial equilibrium hypothesis has not been hitherto tested systerjatgatst

experimental data.

3. MODELING RESULTS
In this paper, saturation indices (SI) for relevant minerals werdatadl from
the measured temperaturé$, (pressuresH), and chemical compositions of experimental
agueous solutions. Sl is defined as @), whereQ denotes the activity quotient and K
the equilibrium constant (Zhu and Anderson, 2002, p. 45). Equilibrium activity—activity
diagrams for mineral stability and phase relations were constructedt¢cthe evolution

of the aqueous chemistry during the batch experiments. For all thermodynamic
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calculations, the standard states for the solids are defined as unit dotiyitye end-

member solids at thE andP of interest. The standard state for water is the unit activity

of pure water. For aqueous species other th&h Hhe standard state is the unit activity

of the species in a hypothetical one molal solution referenced to infinite dilutioaTat

andP of interest. Standard state thermodynamic properties for mineral end-members

were taken from Holland and Powell (1998) except for boehmite (see Supplement A), f

water from Haar et al. (1984), for Al-bearing aqueous species from TagidoSdnott

(2001), KCP(ag) from Ho et al. (2000), and all other aqueous species from Shock and

Helgeson (1988), Shock et al. (1989, 1997), and Sverjensky et al. (1997) (Table 1a). The

T andP dependences of thermodynamic properties for agueous species, when applicable,

were predicted using the parameters of the revised HKF equations dostdeeous

species (Helgeson et al., 1981; Tanger and Helgeson, 1988; Shock et al., 1992).
Calculations of equilibrium constants were facilitated with a modifiecbner§i

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 @mput

codes 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 specges w

calculated from the extended Debye—Huickel equation or B-dot equationditieebin

salt NaCl activity coefficients (Helgeson et al., 1978; Oelkers and stwig&990).

Activity coefficients for neutral or uncharged aqueous species wber set to be unity

(EQ3NR) or calculated from the Setche”now equation with a coefficient of 0.1

(PHREEQC). Activities coefficients for end-members of feldspar soligtisns as a
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result from compositional impurities were first neglected, but the impaatslculated
Sl were later assessed in Supplement A.

In evaluating the aqueous speciation and mineral saturation stafesyiatenxtal
conditions, we used the pH and total analytical concentrations of the constituents
measured at ambient conditions (e.g., %22and 0.1 MPa) as input into the modeling
codes and then “re-heated” the solution to experimental T and P. This method calculate
the “in situ” pH at the experimental conditions by taking account of the efdédtand
P on the distribution of aqueous species (Reed and Spycher, 1984). Owing to the
relatively low experimental T, however, the calculated in situ pH valueschese to
those measured at ambient conditions in most cases, with an increase 0.1-0.4 units for
Section 3.1, 0.1-0.4 for Section 3.2, and 0.1-0.8 for Section 3.3, and 0.1-0.2 for Section
3.4. The large differences between ambient and in situ pH values in Section 3.3 are due to
the use of acetate and sodium acetate buffer, which has a large temperatooce va
Note that the experimental design in Sections 3.1 and 3.2 allowed for sampling of
aqueous fluids from the on-going reaction at constamtdP without quenching the
reactor (Seyfried et al., 1987). Back reactions and precipitation of solids Ihenwera
not a concern.

In order to test whether the conclusions still stand when different sets of
thermodynamic properties are used, Sl values for primary minerals and torodeals
were also calculated using three additional sets of thermodynamic pgegertmineral
end-members and aqueous species. These datasets are referred taAS B, the
following discussion, and their sources of thermodynamic propertiestackiisTable

1b. The Sl values calculated using these three datasets are presented asloplsnrsy
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figures of temporal evolution of Sl values, together with the baseline daké (*
represented by solid symbols) described in the preceding paragraphs. Tablea2izesnm

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

Table 2. Summary of feldspar dissolution experiments used in this study

Mineral Reactant SR Initial  Solution T °C, P Reaction secondary minerals Reference
(mflg)  pH Chemistry MPa® time (hrs)
Alkali-feldspar 0.132 3.1 0.20 m KCI 200, 30 1872 Boehmite + Kuaid Fu. et al.
(35% low albite; (2009)
60% orthoclase; 5%
quartz)
Alkali-feldspar 0.132 4.0 0.20 m KCI + 200, 30 648 Boehmite + Kaolinite Chapter 2,
(35% low albite; 0.05m CQ Experiment
60% orthoclase; 5% S
quartz)
Anorthite 0.00333 469 0.3 m NaAc + 90 8520 Bhm + Mod. Bhri? Murakami
(m?L) 497 HAc 150 2160 Bhm + Mod. Bhr¥ et al. (1998)
54 210 3960 Bhm + Mod. Bhnf? +
Kaolinite
Low albite 0.12 9.0 0.1 m KHCO3 300,8.8 1848 Serad Alekseyev
etal
Sanidine 0.14 0.1 m NaHGO Analcime (1997)

(1) SA stand for specific surface area except fanrthite, which is geometric SA measured by micopsc
observations; (2J °C, P bar refer temperature and pressure; (3) Bhm and. Bbm refer to boehmite and
modified boehmite, respectively, as reported in &kami et al. (1998).

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 KCI solution at
an initial pH of 3.1 were conducted at 2@and 30 MPa in a flexible Au/Ti reaction
cell, which was placed in a steel-alloy autoclave (Fu et al., 2009). “Qabedccrystals
having an average size of ~0.5 cm were obtained from WARD’S Natural Sciences
Establishment. X-ray diffraction (XRD) and electron microprobe arsa({SVIPA)
results show that the feldspar samples were perthitic alkali feldspanrsere composed
of 35% low albite (CaodNay.oKo0.01Al 1.04512.9603), 60% orthoclase
(Ko.sgNap 157l 1.0s512.970g), and 5% quartz. A time series of in situ agueous samples was

analyzed for Cl, Si, Al, K, Na, and Ca as well as trace elements. Onenegpewas
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terminated at the end of 120 h, and the solids in the experiment were recovered for
analysis. XRD and High Resolution Transmission Electron Microscopy B\R results
showed boehmite and trace amount of kaolinite. Scanning Electron Microscopic (SEM)
examination showed dissolution channels and the feldspar surfaces were cotrered wi
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
reaction products after the batch experiments showed that hexagonally stagrethsy
minerals were present on the grains of alkali feldspars, but with no cleaatidermr
preferential sites on the feldspar surfaces. Laminar channels and etahtpiéssorface
of alkali feldspars indicated dissolution heterogeneity. The surface coverdge of t
secondary minerals was approximately 20%.
3.1.2. Reaction paths and mineral saturation indices

The time evolution of aqueous chemistry in the syste@-MaO—(Al,O3)—
SiO~H,O-HCI system is traced @aa diagrams (Fig. 2). The parentheses on Al203
indicate that AlO3 is used as the balancing component in writing reversible reactions for
this system. Although three-dimensional (3D) phase diagrams with axes8f0sgq-
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 xes.a
Therefore, although we constructed the&@f diagrams and used them for data analysis,
we present the—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 amlthe thi
axis. Because this experiment is adominated system with respect to'Nae present

the 2D lo@SiO,nq-log@K /aH") a—a diagrams, which approximately portray the phase
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relations pertaining to the experimental system. Microcline was useccagfla

orthoclase because thermodynamic properties for orthoclase are natlaviailthe

database of Holland and Powell (1998) or any other databases known to us. To illustrate

the temporal evolution of the system, we added time as the vertical axis in Fig. 2b.
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Fig. 2. Activity—activity diagrams showing the phase relations in teesy kKO-

(Al ,03)-Si0~H,O-HCl at 200°C and 30 MPa. The dashed line in (a) denotes quartz
saturation. Symbols represent experimental results of alkali feldspalutiizs in 0.2 m
KCI solution at 200C and 30 MPa (Fu et al., 2009, see Section 3.1). The activity and
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activity ratios were obtained from speciation modeling of the experimeystains NaO—
K20—-(Al,03)-Si0—H,O—-HCI, based on the experimental solution chemistry data of
Fu et al. (2009) and equilibrium constants listed in Table 1a. Points 1-7 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 datavisualization
of fluid chemical evolution.

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 musgetability
field from 216 to 1872 h, but muscovite was not detected in the products (Fu et al., 2009).
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. It should be notatieha
conventional “stability fields” represent equilibrium phase relationshipsthigu
saturation indices were determined by speciation-solubility calculatiths numerical
code.

Although albite continued to dissolve in the experiment (Fu et al., 2009), the 2D
logaSiO,aq-log@Na’/aH™) diagram is omitted here because it gives misleading
projection that samples 3—7 fell within the kaolinite stability. In thea3®diagram (not
shown), it is clear that these samples fell within the muscovite stailidyifi this K'-
dominated system.

Sl values of the minerals of interest were calculated at each samnpdir{@able
3). All sampled solutions were undersaturated with respect to albite (i.e.,jhre ma

reactant), but the experimental solution changed from undersaturation wittt tespe

microcline from 24 to 216 h to supersaturation at 456 h. The solutions reached
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supersaturation with respect to boehmite, kaolinite, and muscovite at thet earlies

sampling time of 24 h, and these phases continued to be supersaturated during the entire
experiment (Fig. 3 and Table 3). Boehmite S| decreased slightly from 24 to 216 h
coinciding with the fluid chemistry entries into the kaolinite field, inceda® a

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

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

Table 3. Mineral saturation indices at each sampling time in experifoenke alkali
feldspar dissolution in 0.2 m KCI solution at 2@and 30MP4

Time (h) InsitupH Albite Boehmite Diaspore Kaolinit®licrocline Muscovite Paragonite PyrophylliteQuartz

24 33 -6.80 1.23 1.45 1.30 -2.75 1.67 -2.62 -1.30 -1.07
(120) 34 -4.80 0.93 1.15 1.96 -1.08 2.75 -1.22 0.61 -0.44
216 36 -4.37 0.90 113 2.01 -0.75 3.02 -0.83 0.75 -0.39
456 37 -2.33 2.40 2.62 5.13 1.02 7.79 4.20 3.99 -0.33
816 40 -2.66 211 2.33 4.34 0.75 6.93 3.28 3.02 -0.43
1368 45 -1.02 1.47 1.69 4.05 2.07 6.98 3.65 3.71 0.06
(1872) 48 -2.36 0.26 0.48 1.53 1.02 3.50 -0.12 1.09 0.01

"Solution chemistry data are from (Fu et al., 2008je parentheses on time in the first column on lef
denote to the time that the experiment was termathahd solids were recovered for characterization.
situ pH was calculated from the speciation modeling

The supersaturation of kaolinite and muscovite while the fluid chemistry edocat
in the boehmite stability field, and the supersaturation of boehmite while the fluid
chemistry is located in the kaolinite and muscovite fields, indicate a depacure f
partial equilibria between the aqueous solution and the secondary phases. Lasgga (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.
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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 (Table 3) while the solution was located in the
muscovite stability field. The sampled solutions were undersaturated wtgttés
quartz up to 816 h, but close to equilibrium with quartz after 1368 h (Table 3).

The conclusion of supersaturation of product minerals for the baseline dase (wit
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*CB”,
see Table 1b). In other words, the uncertainties of the thermodynamic meperti
mineral end-members and aqueous species are not large enough to result ianadtat
opposite reaction directions for the experiments examined. To evaluate theebeast
further, the propagated errors in Sl values were calculated for 95% confidteal
from the reported standard deviation of enthalpy of formation &€ 2Bone
(Hemingway et al., 1991; Holland and Powell, 1998).

The reaction path from sample at 816 h to samples at 1368 h and 1872 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 fopl@Igl:

In other words, the experimental data did not show sequential mineral dissolution and
precipitation or paragenesis from boehmite to kaolinite to muscovite, as predicted b
theoretical calculations assuming partial equilibrium between the prodoetats and

the agueous solution with evolving chemistry. It should also be noted that the solution
reached boehmite supersaturation very quickly after the experiment commityeced (

earliest sampling time was 24 h after the experiment started).
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3.2. Alkali feldspar dissolution and clay precipitation in CQ Charged systems
3.2.1. Experimental design and results

These two batch experiments for alkali feldspar dissolution were similar i
design to those presented in the preceding section. However, the experimerdd Oif
adding 50 mM C@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 novenade
on feldspar grain surfaces. TEM study detected boehmite in sampleb2&ftereaction,
and XRD patterns indicated boehmite and possibly muscovite in the 648 h sample. The

fluid chemistry data are presented in Chapter 2 (experiment S).
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Fig. 3. Mineral saturation indices during the course of alkali feldspar dissolatéh2 m
KCI solution at 200C and 30 MPa (Fu et al., 2009, see Section 3.1). “BL” (baseline
case, Table 1a), and “A”, “B”, and “C” stand for calculated Sl using thermadyic
datasets as described in Table 1b. Vertical errors bars represent thaintydeom the
AH¢° at 25°C alone. The gray shaded areas highlight mineral supersaturation. For the
kaolinite graph, the solid line stands for zero Sl of halloysite and dashed lireBwuar
of Sl values resulting from thesf AG° of halloysite.
3.2.2. Reaction paths and mineral saturation indices

The reaction paths from these two batch experiments (Fig. 4) are difi@ment f
those in the counterpart experiments without @G Fig. 2) because they started with a
higher initial pH so that the kaolinite field was skipped. Sl values of the miradrals
interest are listed in Table 4. All sampled solutions were undersaturakegegpect to
albite, but the experimental solution changed from undersaturation with respect to
microcline to supersaturation after 24 h. As in the experiments withogttsolutions
attained supersaturation with respect to boehmite, pyrophyllite, kapiniiemuscovite
at the earliest sampling time of 24 h, and these phases were supersaturatetheuri
entire experiment (Fig. 5 and Table 4). The supersaturation of muscovite whiledhe
chemistry has located in the boehmite stability field, and the supersaturatioahwhite
while the fluid chemistry was located in the muscovite stability field g@naindicative
of a departure from partial equilibria between the aqueous solution and secondasy phase
(Lasaga, 1998).

Similar to what Steinmann et al. (1994) illustrated in classroom exetaisema
temperature, the fluid chemistry would be fixed at a point on the boehmite—muscovite

boundary for the partial equilibrium case because the reaction

AIOOH (Boehmite) + KAISiOg (K-feldspar)— KAI 3Siz010(OH), (Muscovite)

113



does not change aqueous compositions of the system. However, the experimental dat
show that the aqueous fluid departed from the boehmite—muscovite boundary while
boehmite was still observed at the end of the experiment. Apparently, partidreguil

were not observed.
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Fig. 4. Activity—activity diagrams showing the phase relations in teesy kKO-

(Al ,03)-Si0—H,O-HCl at 200°C and 30 MPa. The dashed line in (a) denotes quartz
saturation. Solid dots represent experimental results of alkali feldspduti@esm 0.2 m
KCl and 0.05 m C@solution at 206C and 30 MPa (cf. Section 3.2 and Chapter 2). The
activity and activity ratios were obtained from speciation modeling oéxperimental
system NgO—K,0-Al,0:-SiO0—-H,O-HCI-CQ, based on the experimental solution
chemistry data in Chapter 2 (Experiment S) and equilibrium constants liskadla l1a.
The red dashed line in (b) connecting experimental data is for visualizatiamdof fl
chemical evolution.
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Fig. 5. Mineral saturation indices during the course of alkali feldspar dissolatt2 m
KCl and 0.05 m C@solution at 206C and 30 MPa (cf. Section 3.2 and Chapter 2). See
the caption for Fig. 3 for notations.

Table 4. Mineral saturation indices at each sampling time in experimerite faktkali
feldspar dissolution in 0.2 m KCI and 0.05 m G®Ilution at 206C and 30 MPa

Tl(rt?)e Inpi:tu Albite Boehmite Diaspore Kaolinite Microcline Musdte Paragonite Pyrophyllte  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 1.38 161 3.43 2.51 7.25 3.33 2.63 -0.16

TSee solution analytical data in Chapter 2 (Expenin®. The parentheses on time in the first colemn
left denote to the time that the experiment wamieated and solids were recovered for charactéizaln
situ pH was calculated from the speciation modeling

3.3. Anorthite dissolution batch experiments
3.3.1. Experimental design and results

Murakami et al. (1998) performed three series of batch experiments for anorthit
(AngsAbs) dissolution in 0.03M sodium acetate at 90, 150, and’@Mith a room
temperature initial pH of 4.56. Single crystals of anorthite were preparedislying and
pieces with fresh surfaces approximately 1 x 1 x 1 mm in size were selduted. T
geometric surface areas of the single crystals were estimatedauligig microscope
(Table 2). The crystals were washed ultrasonically in acetone in an atteraptove
fine particles from the surface. Experimental runs were from 72 h to 8520 hthftem,
the reaction vessel was cooled to room temperature within 30 min, and the aqueous
solution was filtered with 0.22 um filters. Secondary minerals formed dtireng
experiments were identified with XRD, SEM, and HRTEM. A sequence of secondary
minerals, including boehmite, “modified boehmite” with silica, and kaolinites w
formed with increasing reaction time. Table 5 summarizes their repompedraental

times when the different product minerals were observed.
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Table 5. Mineral saturation indices in the experiments for anorthite dissointD.03 M
NaAc and HAc solutiorls

Product pH (in

T (h) mineralé situ) albite anorthite boehmite kaolinite paragonite pyrophgllit quart:
72 b 471 488 -7.02 2.54 3.68 2.55 -0.88 -1.65
240 b 462 186 -4.27 3.52 6.94 7.36 3.67 -1.00
o 720 b 467 011 -1.33 3.61 8.25 9.37 6.13 -0.43
2160 mb 465 048 -3.26 2.08 5.95 5.89 4.59 -0.05
3816 mb  4.6¢ 049 -1.24 2.98 7.84 8.76 6.55 -0.01
8520 mb 4.7 059 -1.30 2.73 7.58 8.40 6.54 0.12
72 b 49t 273 -3.78 1.23 2.20 1.67 -0.21 -0.80
150C 240 b 4.9z 0.25 0.83 2.91 6.45 7.98 4.93 -0.36
720 mb 4.9 1.02  1.72 3.02 7.11 8.98 6.02 -0.14
2160 mb  4.9¢ 0.48 0.13 1.88 5.21 6.19 4.50 0.05
72 b? 531 194 -1.86 0.72 1.09 1.17 -0.55 -0.62
240 mb 530 071 -019 1.19 2.54 3.33 1.41 -0.37
élo) 816 mb 53¢ 039 023 1.21 2.74 3.69 1.77 -0.29
2328 mb k 53¢ 014 037 1.08 273 3.67 2.02 -0.16
3960 mbk 547 915 o071 0.99 274 3.80 221 -0.07

Solution chemistry experimental data from Murakatrél. (1998)*Product minerals observed by
Murakami et al. (1998) “b” stands for boehmite; “nibr modified boehmite; “k” for kaolinite. In sitpH
was calculated from the speciation modeling peréatrim this study.

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-N&®—(Al,O3)— SiO—H,O-HCl-acetate was traced on i@ diagrams
(Fig. 6). In all experiments, the solution chemistry quickly evolved from the btehmi
stability field to the kaolinite stability field after 240, 72, and 72 h, at 90, 150 an¥C210
respectively. The solution chemistry stayed within the kaolinite field with thange
for thousands more hours. This results in an almost vertical trend on tae3D
diagrams (Fig. 6b). Murakami et al. (1998) found that boehmite and “reddibehmite”
are the main product minerals from anorthite dissolution at 90, 150, arfi@ 2K8olinite
was found after 2328 h of experiment at 2C0long after the solution chemistry had

entered into the kaolinite stability field.

117



10 T T
0
; 90°C
(@) ! .
8 r 1 (b) -
1
1+ Kaolinite 3000~ :
- 1 s
3 1 '
= 6 ' i
= . 6000 = ]
,’;ﬁ Boehmite ® |¢ k
:.'-‘ 1 % 1
= ° ' £ 4 ;
= 1 = -~ '
= e ' g i
' ®
! '
5 . ks
2 . 2000 — / .
1
0, . o it
90 °C : . al.
0 1 1 1 1 1
9 6 5 4 3 2 = - :
.. = 5 F
log aSi02aq) 2 &
l.ug{aSiOz‘a,”j N
10
: \¢
(c) , (d) ;
g . 2000 = ‘
: 150°C '
L 1 '
iy '
= 67 ..u. 1500 = !
= e [ ] . - '
"+j= Boehmite ! 5 :
= 1 o 1
= 4t ! E 1000 1
o v = ®
= 1 Kaolinite =
: i’
2 F : 500 e - '." - ] A
Ly <
I ' Boe hinite [ / i &
150 °C 1 Kanlinite / ¥
0 1 1 1 1 Q T - { \-:F
-7 -6 -5 -4 3 -2 -1 -4 -3 - ;;-'
log aSiOsag) Log(5i02(aq)) <
10 T
' Anorthite
(e) .
8t :
n
+‘- [ ]
E 6 - .".I 3000 =
= .
A . =
< . £
;:'( 4r ' Kaolinite E 2000~
Boehmite .
2 [ 1000 -
n "
210 °C . Vo
[ ] (‘\
0 I I I : I 0~ 6 _-35\
6 5 4 3 2 -1 x <
1 &

log aSi0y g

Lng!nﬁi(}z,:aq'}_

Fig. 6. Activity—activity diagrams showing the phase relations in thersy€aO—
(Al,03)-Si0—H,0 at 90°C (a and b), 156C (c and d), and 21T (e and f) and

pressures of vapor saturation. The dashed lines in (a, c and e) denote quartarsaturati
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
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ratios were obtained from speciation modeling of the experimental syst€drAlzgOs—
SiO—H,O—-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 and f) connecting experimental data are for visualization of fluid chemical
evolution.

The solutions were supersaturated with respect to boehmite and kaolinite during
the entire experiments at 90, 150, and Z1QFig. 7 and Table 5). Kaolinite
supersaturation occurred when the fluid chemistry was still located in thenliedield.
The solutions were undersaturated with respect to anorthite during tGeeSperiment,
but changed from undersaturation to supersaturation &lCl&fler 240 h, and 21%T
after 816 h (Fig. 7 and Table 5). At 90 and 80anorthite SI did not vary
monotonically. There was an increase, and then a decrease with time, proirabteat
with precipitation of product mineral(s). Murakami et al. (1998) believed thattéieor
dissolution continued during the entire experiment as evidenced by the continued
increase of C& concentrations. Therefore, the calculated SI (>0) of anorthite in the
experiments could result from uncertainties of thermodynamic propertiaaddhite,
which show an unusually large range in the literature (Arndrsson and Stefansson, 1999).

The experimental solutions were also supersaturated with respect to pa:atjosi

experimental solutions were close to quartz saturation at the end of the experime

3.4. Sanidine and albite dissolution experiments

Alekseyev et al. (1997) conducted two series of batch experiments. The first one
was for sanidine (KNgaAl .99 SizOs) dissolution in 0.1 m NaHC4X>olution and the
second series for low albite (NaKo.02AISi3,010s) dissolution in 0.1 m KHC@solution,

both at 300C and 88 bars and with duration as long as 1848 h (Alekseyev

119



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 samdiatbée
dissolution were analcime (NaAlR) « H,O) (after ~7 h) and sanidine (after ~16 h),
respectively. Alekseyev et al. (1997) carried out speciation—solubility modeling

evaluate the saturation states for the primary and secondary minerals in their
experimental solutions. They also performed mathematical calculatish®w that the

partial equilibrium assumption would not be consistent with their temporal solute
concentration data. Here, we conducted speciation—solubility modeling using their
experimental data, but with four different sets of thermodynamic prop#atiesnerals

and aqueous species (see Table 1b), which is different from the thermodynarsit data

that they used. We also traced the solution chemistry evolution ongteadiagrams.

3.4.1. Sanidine dissolution in NaHG®8olution
The evolution of the aqueous solution chemistry during Alekseyev et al.’s (1997)
experiments is depicted in thea diagrams for the N®—-K,0—(Al,03)-SiO—H,O0-CQ
system, projected for the zero laiK(/aH") for the Na dominated experimental system
(Fig. 8). The solution chemistry evolved from the paragonite stability theflde
analcime stability field after 0.25 h. The solution stayed in the analcimetstébit
from 0.25 to 7 h, and entered into the albite stability field and stayed there until the end of
the experiment (16-1848 h) (Fig. 8b). Even though the solution chemistry fell in the
albite stability field, albite was not detected with either XRD or SEM aasl w

undersaturated (see below). Alekseyev et al. (1997) observed analcime gtrenifribm

120



16 to 1848 h. Because both the pH of the solution was buffered around 9"amdsNa
predominant, thaNa'/aH" ratios stayed nearly constant.

Saturation indices for minerals of interest were calculated for gaetneent
(Fig. 9 and Table 6). The solutions were undersaturated with respect to sanidine during
the entire experiment (Fig. 9 and Table 6). The solutions were supersatutatesspect
to analcime and albite during 7 to 72 h and 16 to 72 h reaction time, respectively. During
the other time intervals, the solutions were undersaturated with respect tmaraaid
albite. The apparent conflict between calculated Sl < 0 values and the obsest/ation
continued analcime precipitation (Alekseyev et al., 1997) is puzzling, but could teelrela
to uncertainties in the thermodynamic properties for analcime. As a mefithe zeolite
group, analcime may have a range of chemical compositions and structutal Oeta
calculated analcime Sl values are within 0.2 units of those calculated byeydekst al.
(1997) who used different thermodynamic properties but also showed negative SI while
reporting analcime precipitation. However, it is clear from the experiinggiz that,
although the experiments had progressed into the albite stability fieldira@as the
mineral that was detected.
3.4.2. Albite dissolution in KHC{3olution

Activity—activity diagrams projected for the zero &g /aH™) for this K-
dominated experimental system in thgO«NgO—(Al,O3)-Si0—-H,0-CQ, system are
shown in Fig. 10. The solution chemistry evolved from the muscovite stability fidie to t
sanidine stability field after only 0.5 h. For the next 16 h, fluid chemistry moved
horizontally in the sanidine field as the ‘#&H" ratios were buffered and silica activity

increased with time. Thereafter, the fluid chemistry changed littte 16 to 1848 h
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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. 1@iseMev 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 . 4149, Fi
shortly after the solution chemistry entered into the sanidine field at 0.5 hepéskst
al. (1997) observed no sanidine precipitation during this time period, and their analysis of
solution chemistry stoichiometry showed that albite dissolution was congruent. The
solution was undersaturated with respect to muscovite during the time (0-0.5 hhehile t
fluid composition was located in the muscovite stability field. After that, for thatidar
of the experiment, muscovite was either supersaturated (7—48 h) or undersadlirated (
other times).

Alekseyev et al. (1997) concluded that slow precipitation of secondary minerals
dominated the overall reactions in these two experimental series. Theefhglhigher
temperature (308C) 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 (Figs. 8b and 10b), which prevailed during the majoritg of t
experiments. Zhu et al. (2004a,b) used reaction path modeling to show that such a steady
state could be reached when the effective precipitation rate constameear¢han the

dissolution effective rate constants.
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Table 6. Mineral saturation indices in each batch experiment for sanidinkiti@s in
0.1 m NaHCQ solution at 306C and 8.8 MPa

t,h SanidineAnalcime Albite Quartz BoehmiteKaolinite MuscoviteParagonitePyrophyllite Kalsilite Nepheline

0 -466 -214 -286 -1.29 -2.37 -7.01 -7.52 -6.22 -9.44 471 -2.12
025 -419 -186 -259 -1.29 -2.10 -6.46 -6.51 -5.40 -8.89 -4.24 -1.85
05 -345 -142 -195 -1.09 -2.04 -5.95 -5.66 -4.64 -8.00 -3.89 -1.60
075 -292 -104 -148 -1.01 -1.82 -5.34 -4.68 -3.73 -7.22  -3.53 -1.30
1 -241 -072 -1.04 -0.88 -1.76 -4.96 -4.04 -3.16 -6.58 -3.27 -1.11
125 -246 -076 -1.11 -0.90 -1.75 -5.00 -4.08 -3.22 -6.67 -3.27 -1.13
15 -218 -059 -0.88 -0.85 -1.70 -4.77 -3.69 -2.88 -6.32  -3.11 -1.02
2 -188 -042 -0.62 -0.76 -1.69 -4.59 -3.38 -2.62 -5.98 -2.98 -0.93
25 -1.97 -048 -0.7  -0.79 -1.70 -4.66 -3.48 -2.71 -6.09 -3.01 -0.96
3 -163 -027 -043 -0.72 -1.61 -4.35 -2.97 -2.26 -5.66 -2.80 -0.81
35 -164 -028 -045 -0.74 -1.60 -4.36 -2.96 -2.26 -5.69 -2.79 -0.81
4 -124 -004 -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 -112 -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 -466 -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 -066 -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 -052 -040 -0.45 -2.50 -5.58 -3.97 -4.01 -6.33  -2.59 -1.34
840 -091 -058 -047 -0.45 -2.57 -5.72 -4.17 -4.22 -6.47 -2.64 -1.41
1008 -1.01 -0.63 -0.52 -045 -2.60 -5.78 -4.32 -4.32 -6.54 -2.73 -1.45
1176 -094 -056 -0.45 -0.45 -2.53 -5.64 -4.10 -4.11 -6.40 -2.65 -1.38
1344 -091 -059 -048 -045 -2.58 -5.74 -4.17 -4.25 -6.50 -2.62 -1.41
1512 -093 -0.57 -0.46 -0.45 -2.53 -5.65 -4.11 -4.13 -6.42 -2.64 -1.38
1680 -093 -0.59 -0.47 -0.45 -2.57 -5.72 -4.18 -4.22 -6.47 -2.65 -1.41
1848 -094 -059 -0.48 -0.45 -2.57 -5.72 -4.19 -4.22 -6.48  -2.66 -1.41

"Experiments conducted by Alekseyev et al. (199Fyafiies were calculated in this
study using their solution chemistry data.
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Table 7. Mineral saturation Indices in each batch experiment for allst@wdisn in 0.1
m KHCO; solution at 306C and 8.8 MP&

t,h  Albite SanidinéMicrocline Boehmite Kaolinite MuscoviteParagonitePyrophyllite Quartz Kalsilite Nepheline

0 -750 -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
05 -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
1 315 -021 -0.02 -1.64 -4.78 -1.60 -5.03 -6.45 -0.91 -1.02 -3.17
125 -314 -0.22 -0.03 -1.64 -4.78 -1.61 -5.03 -6.46 -0.91 -1.02 -3.15
15 -261 0.23 0.43 -1.51 -4.30 -0.9 -4.24 -5.76 -0.8 -0.79 -2.85
2  -233 0.47 0.67 -1.46 -4.08 -0.56 -3.86 -5.41 -0.74 -0.68 -2.69
25 237 0.45 0.64 -1.48 -4.12 -0.63 -3.95 -5.45 -0.74 -0.7 -2.73
3 -223 0.56 0.75 -1.41 -3.96 -0.38 -3.67 -5.26 -0.72 -0.62 -2.62
35 -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 -181 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 -155 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

TExperimental data from by Alekseyev et al. (19%1)values were calculated in this
study using their solution chemistry data.
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Fig. 10. Activity—activity diagrams showing phase relations in the syst€r-(Ql,Oz)—
SiO—H,0 at 300°C and 8.8 MPa. Symbols represent results from experiments conducted
by Alekseyev et al. (1997) for albite dissolution in 0.1 m KHCO3 solutions. The dashed
line in (a) denotes quartz saturation. Activity and activity ratios werenmatdrom

speciation modeling in the system@®-NaO— Al,O3—SiO—H,O-CQ, based on solution
chemistry data from Alekseyev et al. (1997) andltigted in Table 1a.
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Fig. 11. Calculated saturation indices (SlI) from experimental data for dibs@lution in
0.1 m KHCQ solutions at 306C and 8.8 MPa. Experimental data from Alekseyev et al.
(1997). See the caption for Fig. 3 for notations.
4. DISCUSSION

4.1. Uncertainties of thermodynamic properties on calculated saturation indes

The calculated saturation states depend on the values of the standard state
thermodynamic properties of both the minerals and aqueous species. Varioufiyinterna
consistent databases for thermodynamic properties for mineral spemdsdean
compiled (Helgeson et al., 1978; Berman, 1988, 1990; Robie and Hemingway, 1995;

Holland and Powell, 1998). However, controversies and discrepancies still exist,

particularly for the alumino-silicate minerals that are the pynfacus of this study (see

Pokrovskii and Helgeson, 1995; Arno’rsson and Stefa’nsson, 1999). We chose to use the
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thermodynamic properties for mineral species from Holland and Powell (199&) as t
base case because this database is internally consistent and it has incorposate
experimental data as compared to other databases. Thermodynamic praperties
boehmite are not available from the Holland and Powell (1998) database, and are
discussed in Supplement A.

It is known that thermodynamic properties of minerals derived from catodm
and phase equilibrium experiments rarely can predict experimental sgludslitits
accurately (Sverjensky et al., 1991). The Holland and Powell thermodynamicti@®pe
for feldspars, kaolinite, and muscovite were derived from calorimetric and phjas
librium measurements. However, Holland and Powell (1998) showed (their Fig. 2) that
although the solubility data in the®-Al,0z—Si0—H,O—-HCI system reported by
Sverjensky et al. (1991) were not used simultaneously together with phdgaiaqui
and calorimetric data in regressing thermodynamic properties for aksthicetes, the
off-sets of calculated phase stability fields from experimentalatatamall. This adds
confidence to our calculated saturation indices for ty@-4Al,03—SiO—H,O—-HCI
system.

The boundaries of mineral stability fields are sensitive to the fregge=nesed in
the construction of a—a diagrams (Zhu and Anderson, 2002). For example, an increase of
1.2 kJ/mol of the\G° for boehmite would move the boehmite—kaolinite phase boundary
to the right about 0.13 unit of I&@BiO,aq)in Fig 2a. The adjustetiG’ value of -919.6
kJ/mol is still within the uncertainties of th5; ° 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 boehmitduaitea
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phase equilibrium less well (see Supplement A). Likewise, the adjustment of 1 kJ/m
to AG: ° for boehmite would lead to an adjustment of 0.13 Sl units for boehmite, which,
however, is insufficient to change the nature of boehmite supersaturation, asteoehmi
was one to two Sl unit supersaturated in these sampled solutions (cf. Table 3). In other
words, it would require an adjustment of 21.7 kJ/maA@° for boehmite to be at
equilibrium with the aqueous solution at 456 h in Fu et al.’s (2009) 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 Sl units (cf. Table 5).

As discussed briefly earlier, to further test the validity of the coonltisat
experimental solutions were supersaturated with respect to product mingradatch
experiments that we have examined, we calculated saturation indices &sirgntsets
of thermodynamic properties for agueous species and minerals, and different
combinations of the two. The conclusion of supersaturation of product minerals still
holds for the batch experiments examined in this study. In other words, the ealculat
saturation states are valid with the known uncertainties of thermodynamict@®pe

Another layer of uncertainties may arise that amorphous or poorly angstalli
metastable phases may be present in addition to the crystalline phases duealugplae
hydrolysis experiments (Helgeson, 1971, 1972; Petrovic, 1976). Further, metastable or
poorly crystalline phases may transform during the experiments (e.g., Muraial.,

1998). Supplement B shows that partial equilibrium between possible amorphous phases
and aqueous solutions may explain the initial stage of the experiments, but not éhe entir

experiments.
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4.2. The coupling of dissolution and precipitation reaction kinetics

Lasaga (1998) showed, analytically, how the precipitation kinetics of sgcondar
minerals could be coupled to the rate of feldspar dissolution reaction. The kafetics
secondary mineral formation comes into play in the mass balance equatiornsg Sitiinti
the mass balance on Al and assuming the metastable coexistence of kaolinite and

boehmite, we have,

= o 1)
Z_ T M q
J d§
whereR is the net rated¢/dt) of dissolution of feldspar, boehmite, and kaolinRe< 0
means precipitationh denotes the moles gh Al aqueous species addhe overall
progress variable (Helgeson, 1968). Eqg. (1) is equivalent to Lasaga’s (1998) Eq. (1.235).
If we expand the net rate expression and divide the right hand gidg e
have,

- kbhm/kfeld thmf (Athm) - 2kkIn /kfeIdSklrI f (AGkIm)

dn,
3 1 K gy
J d§

Rie = (2

wherek; denotes the rate consta§tthe surface area, ands; the Gibbs free energy of
theith reactionsf(AG;) stands for the relationship between rate and Gibbs free energy of
reaction.

Eq. (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 dfi/kseiq ratios. The smaller the/kseiq ratio, the slower feldspar
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dissolves, provided that all other quantities are kept the same. In fact, the experim
discussed in Section 3 showed that secondary minerals were several Sl units
supersaturated. Zhu et al. (2004a, 2004b) explored the inter-connections numerically via
reaction path modeling. When the effective rate constant k@S (defined ak x S

are between Ito 10% slow clay precipitation became the limiting step, and the net
feldspar dissolution rates are orders of magnitude slower than that at condifeons at

from equilibrium.

Note that the above discussion following Lasaga (1998) is a necessary over
simplification as a starting point and the rate law expression in EqQ. (2) onhsrtea
facilitate further discussions. Obviously, the expression neglects othartaamm as
those accounting for the well known effects of hydrogen and Al on the rates (hagaar
and Helgeson, 1982; Helgeson et al., 1984; Oelkers et al., 1994; Oelkers, 2001). In a
sense, the rate constdnts only a nominal; the relationship between dissolution and
precipitation kinetics still stands when other factors also play a role mthé&ws (e.g.,
H, Al). One could just replade* with k;, with ki* lumping all other factors except the
f(AG,) term. This statement is necessary because Wh#aneant to represent the
intrinsic kinetics properties, in reality it is a value deriadigr subtraction of all “known”
environmental factors from experimental data. In other words, the couplednshdp
between dissolution and precipitation reactions originates from the principlassf
balance and the sharing of same aqueous components(in@eterm (Lasaga, 1998).

It is broader than what Eq. (2) represents.
It follows then it is difficult to extrapolate experimental results fetavated

temperatures and pressures, as examined here, to ambient conditions velagee sili
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weathering occurs. The precipitation rates of clay minerals acadumf temperatures
have not been completely understood. If the temperature dependence of ki for feldspa
dissolution, or more broadly, all the terms in the rate law, is significanthehithan
those for secondary mineral formation, Ki&eq ratio or the inter-dependence of
dissolution—precipitation reaction kinetics may possibly change at aménepétature
and pressure. However, coupled reactions under ambient conditions are too slow to be
measured in laboratory experiments. The temperature dependence remains to be a
unknown factor at the present time.

In summary, through systematic analysis of a broad range of experoatata
we confirm early conjecture that secondary minerals might not be at equmitaith the
fluid (Steefel and Van Cappellen, 1990; Lasaga, 1998). This conjecture was previously
supported by specific experiments and limited modeling analysis (Adeks al.,
1997). Here, we have conducted a comprehensive modeling study and have shown that
the slow kinetics nature of secondary mineral precipitation was evident fromhboth t
fluid chemistry, which crossed the phase boundaries om-thdiagrams, and from
mineral product analysis, which show persistent boehmite presence eveéheafligid

chemistry had evolved into the kaolinite and muscovite stability fields.

4.3. Extrapolation to natural systems

Natural systems differ from the laboratory experiments examinechaelg in
two aspects. First, experimental results from batch systems cannot bd dpplidy to
systems where advective and dispersive fluxes are significant. Howegea in the case

of fluid flow in a hydrological system flushed with fresh dilute water, therdbream
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water receives the solute fluxes from upstream, and the effects of sugsisatwith
respect to secondary minerals must be similar if the flow system hast@eifsr a while.
These scenarios can be tested in a coupled reactive mass transport model irethe futur
Second, laboratory experiments are brief on the scale of geologicdl isme.
therefore necessary to examine samples from geological systemssiAsats of Sl in
the field are difficult, however, because of the absence orudtifiof aluminum analyses,
the complex chemistry and structures of clay minerals, and the lack of internall
consistent thermodynamic properties for clay minerals with such compexistry and
structures. Nevertheless, Kwicklis (2004) calculated Sl values of altshicate
minerals in the volcanic tuff aquifer in southern Nevada in the vicinity of Yucca
Mountain. While the groundwaters there are undersaturated with respect tatladlyite
are supersaturated with respect to smectite and Ca-clinoptilolite. Themaarengful
aspect of his findings is probably the areal distribution of the Sl values — Via¢u8$
increase four to five fold southward along the groundwater flow from the Yucca
Mountain and Fortymile Wash area to the Amargosa desert. These solupéitiaten
modeling exercises are marred by the general problems with Al enahgsclay mineral
properties discussed above, and specifically by the assumption of equilibriuegbetw
kaolinite and groundwaters. Nevertheless, the southward increase of Sl fotesaratti
Ca-clinoptilolite along the flow path appears to support Kwicklis’'s (2004) tamsénat
“silicate weathering reactions are providing ions to the groundwater faatethey can

be removed by smectite precipitation.”

5. CONCLUDING REMARKS
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Feldspars comprise over 50% of the volume of the earth’s crust. Establishing
reliable rates for low-temperature feldspar dissolution is essential tafgumany basic
geological and environmental processes. Among these are the functionahsalat
between silicate weathering and the global climate over gediage (Berner and Berner,
1997), controls on surface and groundwater quality, global elemental cyclsapd.at
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 reposi&piehér et al.,
2003), and geological carbon sequestration (White et al., 2003).

The pioneering work by Helgeson and co-workers (Garrels and Mackenzie, 1967;
Helgeson, 1968; Helgeson et al., 1969, 1984; Aagaard and Helgeson, 1982; Helgeson and
Murphy, 1983) to model feldspar hydrolysis as a process of coupled dissolution and
precipitation reactions transformed the study of water—rock interactions into a
guantitative science and opened up vast new fields of geochemistry in the following
decades. The early model, however, assumed partial equilibria between the agueous
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 systdsnatialyzed
our own feldspar hydrolysis batch experiments (Fu et al., 2009) andithibeeliterature.
We find three lines of experimental evidence that contradicts the padiAbegm

hypothesis in the experimental feldspar—water system: saturation ineiaeson paths,
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and secondary mineral paragenesis. However, we must emphasize thatdahe part
equilibrium assumption between secondary minerals and aqueous solutions often
produces a useful approximation of geochemical processes. Partial equihiaiymell
exists for systems that involve rapidly precipitating secondary mingrals pyrite
oxidation and precipitation of amorphous iron oxyhydroxides and in the case of
evaporation and the resultant deposition of salt minerals as modeled by &adrels
Mackenzie (1967) or even for the feldspar—water system at higher tempeeatdre
pressures.

In the feldspar—water system, the slow kinetics of secondary minerpitatiea
results in close inter-dependence of the dissolution and precipitation reactson rate
(Steefel and Van Cappellen, 1990; Lasaga et al., 1994; Alekseyev et al., 198)4,Las
1998), which, if clay precipitatiok* are sufficiently slower than feldspar dissolution
k*, could rationalize the well-known discrepancy between field felddizaolution (bulk,
effective) rates and rates measured in laboratory dissolution experiat@anditions 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, themongrue
dissolution stage in the closed systems is short, probably a matter of hour3G0°@0
A steady state or near steady state of aqueous chemistry for someientsspersisted
as a consequence of the coupled dissolution and precipitation reactioret.alh{2004a)
used a numerical reaction path model to show that such a steady state cairthesult i
effective rate constants of clay precipitation are orders of magnitualéesthan those of
feldspar. Note that although the reaction Gibbs free energy effect on dissolt¢®is 1a

widely cited reason to explain the field—laboratory rate discrepancy,ishemeed of a
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control that such a state of proximity to equilibrium can be maintained in natstahsy
for prolonged time and over long distance. Slow clay precipitation may servelgis r
Clearly, interpretation of field based reaction rates needs to consideridissolut
reactions within a network of dissolution—precipitation reactions. Future work should
employ numerical modeling of reaction paths to match the experimental data aad hen
to quantitatively evaluate the inter-dependence of dissolution—precipitadicirores.
However, the challenge is to measure precipitation rates and derive pregawsato
describe precipitation processes. While the details may evolve oveetigneA
adsorption on feldspar surface as a retardation mechanism (Oelkers et algrtBSibw
clay precipitation kinetics discussed here), the framework of modeling raastetrin
geological systems developed by Helgeson and co-workers will continuedcasehe

foundation for rigorous and quantitative geochemical predictions.
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SUPPLEMENTS FOR CHAPTER 2
SUPPLEMENT A. DISCUSSION OF THERMODYNAMIC PROPERTIES
A.1l. Thermodynamic properties for Boehmite
The only aluminum oxyhydroxide mineral listed in the Holland and P{&96B)

database is diaspore. However, boehmite was detected in the experimemés that
examined in this study (Murakami et al., 1998; Fu et al., 2009). Here, we adopted the heat
capacity, entropy, and enthalpy of formation for boehmite from Hemingtvaly (1991).
The experimental heat capacity values were fitted to the Holland and Poatell he
capacity function. Hemingway et al. (1991) derived th¢if of 996.4 £ 2.2 kJ/mol from
their third-law entropy measurements and solubility data in alkaline solusikers from
the literature. Hemingway et al.’s (19945 was used by Tagirov and Schott (2001) in
their derivation of Al hydrolysis constants (see below). Later, McHadé €1997)
measured calorimetrically&H; of 995.4 + 1.6 kJ/mol. These two values are within each
other’s experimental errors. Note that the solubility baggdoroposed by Hemingway
et al. (1991) is only half to 1 kd/mol different from those of Boucier et al. (1993) and
Pokrovskii and Helgeson (1995), who also derix& for boehmite from solubility data.

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 datdeyf elem
al. (1980) and Hemley’s andalusite—boehmite experiment reported by Helgeson et al
(1978, p. 114) (Fig. Al). Hemley et al. (1980) warned that the scattering of the kaolinit
boehmite at low temperatures might have resulted from boehmite beingahletastd

being re-crystallized to diaspore. For this reason, we also calculatedgperdia
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log aSi0,,,

kaolinite boundary (the dashed line). The comparison shows that most experimental data
match more closely to the diaspore—kaolinite equilibrium curve than to the boehmite—
kaolinite equilibrium curve although experiments with lower Si@nhcentrations match

with the boehmite—kaolinite equilibrium curve. The maximum discrepancies betwesen t
experimental and calculated boehmite—kaolinite boundary are about 0.25-0.3 log unit of

O Hemley etal., 1980 O Helgeson et al., 1978

Diaspore + 0.5 H,O +
SiOxaq) = Kaolinite
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Fig. Al. Comparison of experimental (symbols) and calculated (lines) phasbrequi
involving boehmite. Thermodynamic properties for kaolinite and andalusite are from
Holland and Powell (1998), for Sid,from Shock et al. (1989), and for boehmite from
Hemingway et al. (1991). As in Hemley et al. (1980), the only aqueous silica sgecies
assumed to be Sidq)and the activity coefficient for this neutral species is assumed to be
unity. The andalusite—boehmite experiment was conducted by Hemley, but as cited i
Helgeson et al. (1978).

No detailed description of the boehmite—andalusite experiment was given, but the
one experimental datum matches the calculation. These comparisons demdradttiaée t
adopted boehmite thermodynamic properties are approximately consigkeather Al-

bearing minerals in Holland and Powell (1998) in the temperature and presg@®fran

our interest. Note that Holland and Powell (1998) have included other phase equilibrium
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experiment data of Hemley et al. (1980) in their derivatioatbfvalues 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: Appk and Nei
1990; Bourcier et al., 1993; Pokrovskii and Helgeson, 1995; Shock et al., 1997; Tagirov
and Schott, 2001). We adopted the species and equilibrium constants from Tagirov and
Schott (2001) because their constants are consistent with the latest boehmilieysolubi
measurements (Bénézeth et al., 1997, 2001; Palmer et al., 2001) and at the same time,
they adopted the Hemingway et al. (1991) thermodynamic properties for baekhde
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
interest.

As suspected, our calculations show that Al speciation is dependent on pH,
solution chemistry, and temperature (Figs. A2—A4). For the experiments offeléspar
dissolution in KCI solution at 200 and 30 MPa (Section 3.1), the dominant Al species
are Al(OH)", AI(OH)**, AI(OH)z° aq, and AIHSIO* at pH 3.3-4.0, and Al(Olf)and
Al(OH)3° (ag) at pH 4.5-4.8 (Fig. A2a). Thus, the Al aqueous complex®ie,*
proposed by Tagirov and Schott (2001) is an important Al species at the earlyfstege
experiment when pH was below 4.0. The omission of this species would result in higher
calculated Sl values for boehmite, kaolinite, muscovite, and feldspars. For thienexpe

of alkali feldspar dissolution in 0.2 m KCl and 0.05 m,&0lution at 206C and 30
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MPa (Section 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(@Hfith less than 10% as Al(Okl)aq)
at the early stage of the experiment (Fig. A2b). Arnérsson and Stefansson (§9@9) ar
that the thermodynamic properties for Al(QHg well known.

For the anorthite dissolution experiments published by Murakami et al. (1998)
(Section 3.3), the dominant species are are AlQMI(OH)>, AI(OH)z° aq, AI(OH)4
but AlHsSiO** comprises of about 10% of the Al species al®0The 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 af@0The experiments at 15G had pH
around 5.0, and the dominant Al species are Al®g)and Al(OH). The Na—Al
complex proposed by Tagirov and Schott (2001) comprises about 5% of total Al species,
which does not significantly affect the calculated Sl values. The expegrag210C
had pH around 5.4 and the dominant species is Al{ONgither Al-Na complex or Al—
acetate complexes are significant. As mentioned earlier, calculatedl8syor anorthite
are >0 for the baseline thermodynamic dataset (Fig. 7) while Murakaahi(1998)
demonstrated continued anorthite dissolution. Using the thermodynamic properties fr
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 &2thd 0.1 MPa
between those values chosen by Helgeson et al. (1978) and by Holland and Powell (1998).
Arnorsson and Stefansson (1999) also showed that the temperature variation of the
anorthite solubility can also differ significantly when different setfiefrhodynamic
properties are used. These problems, however, seem to rest with the anorthiteepropert

and should not affect our conclusions of secondary mineral supersaturation.
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Fig. A2. Fraction of Al aqueous species as a function of time for alkali feldspa
dissolution and clay precipitation experiment at 20@&nd 30 MPa. (a) Alkali feldspar +
0.2 m KCI (described in Section 3.1) and (b) alkali feldspar + 0.2 m KCI + 0.05;,m CO
(described in Section 3.2). Al aqueous speciation was calculated with the thermadyna
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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 Section 3.3°@(&))
150°C (b), and 216C (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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For the sanidine dissolution in 0.1 m NaHG@ution at 306C and 8.8 MPa,
experiments conducted by Alekseyev et al. (1997) (Section 3.4), Al[((88%0) and
NaAl(OH)4’(aq) (35%) are the dominants species. The solution pH was around 9. Whether
or not to include the species NaAl(QPf), could contribute significantly to the
calculated Sl values (Fig. 7). However, even with this uncertainty of Alatpetithe
calculated Sl values do not reverse the signs. For the albite dissolution in 0.C@&3KH
solution at 300C and 8.8 MPa conducted by Alekseyev et al. (1997), the calculated in

situ pH are also around 9, and the dominant Al species is A[{(G195%) (Fig. A4db).
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Fig. A4. Fraction of Al species in the experiments conducted by AlekseyevE @) (
at 300°C and 8.8 MPa (described in Section 3.4). (a) Sanidine dissolution in 0.1 m
NaHCGQ; solution; (b) albite dissolution in 0.1 m KHG@®olution Al speciation was

calculated with the thermodynamic properties from Table 1a. Solution pH wasdlouf

around 9 for both

(a) and (b).
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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 measuredy&onguality
crystals) while the primary minerals (feldspars) and secondary mprexlcts in the
experiments may not be chemically pure or may have different crystaftiom those
used to derive thermodynamic properties. While Murakami et al. (1998) used an
AngsAbg 5 anorthite, Fu et al. (2009) used a perthitic feldspar with a K-feldspar laminae
with 15% Na component. According to Arnérsson and Stefansson (1998)Gtheof
alkali feldspar is positive, indicating that alkali—feldspar solid solutions are soluble
than the respective pure endmembers. However, they showed th&thés less than
1 kJ/mol for composition of 10% Na low albite in the low albite—microcline serig@ishw
translates to about 0.1-0.2 in kogt 200°C. Therefore, taking into account of the solid
solution effects, the calculated albite Sl values reported in Sections 3.1 anou8izw
0.2 unit lower. The Na component in the anorthite will reduce the solubility of anorthite
At 90-210°C, the 5% Na will most likely introduce about 0.25 inkog

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 hereeriergy

(Drever, 2004). The errors on the Sl are not assessed.
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SUPPLEMENT B. POSSIBLE AMORPHOUS PHASES AND PHASE
TRANSITION

Incongruent hydrolysis of feldspars is known to produce reaction products that
are disordered, amorphous, or cryptocrystalline metastable phadgeqéh, 1971, 1972;
Petrovic, 1976). Here, we examined a working hypothesis that the solution chemistry
the experiments discussed in Section 3 was controlled by partial equilibrtam wi
metastable amorphous phases that were not detected by XRD, SEM, or TEM. These
amorphous phases have higher solubility and the partial equilibrium between these
phases and aqueous solution resulted in persistent supersaturation withrezystalli
boehmite and kaolinite as discussed in Sections 3 and 4.1.

Let's assume that there was an amorphous boehmite in the expeofiFu et al.
(2009) discussed in Section 3.1. The amorphous boehmite has the same chemical
stoichiometry as crystalline boehmite but@; value 9 kJ/mol higher than that of the
crystalline boehmite used in previous calculations. The calculated Sl fontbrplaous
phase is one unit higher than that of the crystalline boehmite. The first thregnexpal
samples (after 24, 120, and 216 h) would be consistent with partial equilibrium between
this phase and aqueous solutions. However, the Sl of the stoichiometric boehmite
(whatever it is, amorphous or crystalline) increased with time from 0.90 to 2.4 at 456 h
(Fig. 3). If partial equilibrium between the amorphous boehmite and aqueous solution
dominated solution chemistry during the entire experimental run, the Sl values of the
amorphous phase should decrease with time (see Section 2, the phase at partial

equilibrium with the solution chemistry can only have SI 6 0).
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Now, let’s further assume that there was a phase transition during the 1872 h
experiment. The first precipitated phase was an amorphous boehmite and it cgmpletel
disappeared after 216 h. A crystalline or more crystalline boehmite took contnel of t
solution chemistry from 456 h. The S| > 0 values for this crystalline or moreline
phases for the rest of the experiments still indicate that partiallguii was not held
between this crystalline phase and aqueous solutions or between any phase and aqueous
solution throughout the experiments. Furthermore, XRD and SEM analyses of reaction
products demonstrated crystalline boehmite after 120 h and 1872 h (Fu et al., 2009).

We can further test the working hypothesis that a halloysite with the same
chemical stoichiometry as kaolinite buf&; 16.8 kJ/mol high than that of kaolinite
(Robie and Hemingway, 1995) were present in the experiments discussed in Section 3.1.
The calculated Sl values for this halloysite is 1.85 Sl units higher than tkaolofite at
200°C and is represented by a solid line in Fig. 3 at S| of 1.85. Robie and Hemingway
(1995) gave a two standard deviation of 10 kJ/mol, which ware represented as two
dashed lines bracketing the solid line in Fig. 3. We can see that it would be consistent
with the two experimental data points at 120 and 216 h. However, the Sl values for the
stoichiometric kaolin jumped to 5.13 at 456 h. The calculated Sl values are outside of the
halloysite Sl range. This could be explained by the complete disappearance of the
amorphous halloysite, and the high Sl values represent the control of a makimoeyst
phase. For the same reasons discussed in the previous paragraph, the expdataental
could not be consistent with partial equilibrium with the amorphous phase throughout the

experiments or at partial equilibrium with the crystalline or more diyst&aolinite.
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Note that XRD and SEM analyses of reaction products demonstrated crystallinatboehm
after 120 h and 1872 h (Fu et al., 2009).

In the case of experiments in Section 3.2, one could argue that partial equilibrium
with an amorphous boehmite persisted throughout the experiment run within
thermodynamic and analytical data uncertainties (Fig. 5). Howevemita@nd
muscovite Sl increase with time. Regardless of crystallinity, theyatébe at partial
equilibrium with the aqueous solutions. Crystalline boehmite were detected Ri2h X
and SEM. Only traces of muscovite were detected.

The experiments conducted by Murakami et al. (1998) discussed in Section 3.3
could be alternatively explained by partial equilibrium between an amosdioehmite
and aqueous solutions at 90, 150, and°Z16xcept for the first points in the experiments.
At 90°C, it could be that the second and third points were at partial equilibrium with this
amorphous boehmite with%&G; value 24 kJ/mol higher than that of crystalline boehmite.
Later, the Al concentrations in the aqueous solutions were controlled by an even more
soluble “modified boehmite”. At 156C, a similar case cannot be made. Sl of boehmite
increased and changed with time. Apparently, this is not a case of partiddrequil
The Sl for kaolinite or halloysite changed with time except 90 and@50he calculated
Sl values for kaolinite at 21% could be argued to stay almost constant, but modified
boehmite did not disappear, but persisted the whole time.

Therefore, while the presence of amorphous phases could not be ruled out,
despite the deliberate efforts by Murakami et al. (1998) and Fu et al. (2009), and
amorphous phases would introduce more complexity into the interpretations of the

feldspar hydrolysis experiments, their presences, however, would not change our
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conclusions that partial equilibrium was generally not held in these laboratory
experimental systems.
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CHAPTER 5

ALKALI FELDSPAR DISSOLUTION AND SECONDARY MINERAL
PRECIPITATION IN BATCH SYSTEMS: 4. NUMERICAL MODELING OF
KINETIC REACTION PATHS *

* This chapter is currently in press: Zhu, C., Ly,Zheng, Z, and Ganor, J. (2010) Alkali feldspar
dissolution and secondary mineral precipitatiobatch systems: 4. Numerical modeling of kineticcties
paths.Geochimica et Cosmochimica Acta Press.
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1. INTRODUCTION

Numerous hypotheses have been proposed in the literature to explain the
persistent apparent discrepancy between measured field and laborat@arfelds
dissolution rates (for the discrepancy, see Paces, 1973; Siegel and Pfannkuch, 1984,
Velbel, 1990; Brantley, 1992; Blum and Stillings, 1995; Drever and Clow, 1995). These
hypotheses include the possible armoring effects of the secondary mihata&isat the
feldspar grain surfaces (Correns and Von Engelhardt, 1938; Correns, 1940; Helgeson,
1971, 1972; Luce et al., 1972; Paces, 1973; Busenberg and Clemency, 1976; Chou and
Wollast, 1984; Nugent et al., 1998), the possible effects of the leached layer (hlice et
1972; Busenberg and Clemency, 1976; Chou and Wollast, 1984; Hellmann et al., 1990;
Brantley and Stillings, 1996; Hellmann, 1997; Nesbitt and Skinner, 2001; Oelkers, 2001),
the approach to saturation with respect to feldspars (Burch et al., 1993; Gaaitier e
1994; Oelkers et al., 1994; Oelkers, 2001; Beig and Luttge, 2006; Hellmann and
Tisserand, 2006), unknown biological effects, and inhibition by adsorbiéadmfeldspar
surfaces (Chou and Wollast, 1985; Gautier et al., 1994; Oelkers et al., 1994; Oelkers,
2001).

One distinction that differentiates field from laboratory conditions is tha
weathering product minerals are often intimately associated withithargrminerals in
nature (Banfield and Eggleton, 1990; Banfield et al., 1991, Banfield and Barker, 1994,
Nugent et al., 1998; Zhu et al., 2006; Hereford et al., 2007). Conversely, in laboratory
experiments, the precipitation of product minerals was often avoidedustiagd the
chemistry and recirculation rate of the fluid phase. Recognizing theadeseiation

between the secondary and primary minerals in the field, Zhu et al. (2004) proposed a
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new hypothesis (Zhu-Blum-Veblen or ZBV hypothesis) for explaining the dadyr
field discrepancy wherein the slow kinetics of secondary clay preaapitis the rate
limiting step and thus controls the overall feldspar dissolution rate. Clay pa#oipi
removes solutes from the aqueous solution, maintaining a condition of feldspar
undersaturation. This makes additional feldspar dissolution possible, but the slow clay
precipitation (or smaller effective rate constants with respect tdathtite dissolution
reaction, see below) results in a quasi-steady state in which the aquedios s®hear
equilibrium with feldspar. Therefore, slow clay precipitation could effettireduce
feldspar dissolution rates by orders of magnitude, in a fashion consistent witktdaypor
rates at conditions far from equilibrium, the control of dissolution rates byilis Gee
energy of the reaction, and many field observations (Zhu et al., 2004).

To test this hypothesis, we have conducted experiments of feldspar dissolution and
secondary mineral precipitation in batch systems. As these reactions alevt to be
measured under ambient temperature and circumneutral pH conditions (Ganor et al
2007), the experiments were conducted at’®Dand 30 MPa. Although the secondary
minerals formed in these high temperature experiments are diffesentlays formed
under ambient, weathering temperatures, the failure to achieve partidbrglunder
hydrothermal conditions is highly likely an excellent indicator that pagtjallibrium
with secondary minerals is also not attained under weathering temperhatuhesfirst of
this series of articles, we presented new experimental data, which doedrient
temporal evolution of aqueous chemistry and secondary minerals (Fu et al., 2009). The
second paper is on G@ffects on feldspar hydrolysis and it is still in preparation. The

third paper described the saturation indices and reaction paths in terms ajriesgjeft
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agueous chemical evolution on equilibrium activity-activity diagrams (Zhu and Lu,
2009). These articles document that secondary minerals were not at equilibttutimewi
aqueous solutions, but their precipitation was likely controlled by kinetic prectege
are slower than the dissolution rates. Partial equilibrium between secondaralshand
aqueous solutions was not observed (Zhu and Lu, 2009).

In the present communication, we report results of numerical reaction path
modeling that simulate the feldspar hydrolysis experiments by matcludglimg results
with experimental data. The reaction path modeling reported here is diffenenthie
speciation and solubility modeling in Paper 3 (Zhu and Lu, 2009). Speciation and
solubility modeling simulates a snapshot of a chemical system whileatksorepath
modeling simulates processes. To simulate the experimental processes; peth
models use the initial experimental solutions as a starting point. The obtinge
chemical evolution in the system is set by the rate laws for primaryahohssolution
and secondary mineral precipitation. In reaction path modeling, it is theretmesaey
to make assumptions regarding reactive surface areas and the appropriatbdbties
rate laws should take. Both topics are controversial and are presently ungléntgnse
research.

However, the reaction path models, reported here, give rich quantitative
information of the reaction processes during these experiments. For example, the
speciation — solubility modeling did not tell how the dissolution and precipitation
reactions are coupled quantitatively, but reaction path modeling does, as shown in this
paper. We should emphasize that the batch systems are simple model systdms to tes

ideas of reaction kinetics before kinetic theories can be applied to complead natur
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systems, e.g., without further assumptions of flow and transport properties (Zhu,l2009).
IS a necessary step in the process of going from laboratory dissolutiorpeatenents at
far-from-equilibrium (e.g., mixed flow reactor with fixed solution chemistioypatural
systems. However, simulation of reactive mass transport in idealized madehsys

allows us to explore the potential effects of fluid flow rates on the coupling of diesolut

and precipitation reactions.

2. CONCEPTUAL MODELS AND ASSUMPTIONS
The mathematical formulation of reaction path modeling has been extensively
described before (Helgeson, 1968; Helgeson et al., 1969; Helgeson, 1979; Wolery, 1992).
Essentially, for a geochemical system thatrihapecies, the following ordinary
differential equations completely define the geochemical reactiororietwa well-

mixed reactor (Helgeson et al., 1970),

—=Zui'jri'j,ien (1)

wherem, denotes the concentrationsithf speciest the time;; the stoichiometric
coefficient for thath species in thgh reaction, and;; the production or consumption
rate of thath species in thgh reaction. See Table 1 for symbols and notations.

The numerical techniques for solving this set of equations are well established
(Wolery, 1992) and several computer codes are now available for performing the
computation task. In our study, we used the computer ceree®c (Parkhurst and
Appello, 1999), but with our own database for equilibrium constants at appropriate
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temperatures, pressures, and customized rate laws. In the reaction pat) wedel
assumed that all homogenous reactions are instantaneous i.e., that all aqueesisugpeci
at equilibrium with each other. Aqueous speciation was modeled for all fluid sample
taking explicit account of mass balance, mass action, and charge balancergsnstrai
Activity coefficients for the charged aqueous species were calculatedHeoextended
Debye-Huickel equation or B-dot equation fitted to mean salt NaCl actoetfiaents
(Helgeson et al., 1978; Oelkers and Helgeson, 1990). Activity coefficients foalnautr
uncharged aqueous species were calculated from the Setchénow equation with a
coefficient of 0.1. Deviation from unity for activity coefficients for emémbers of
feldspar or clay solid solutions that result from compositional impurities vgdsated.
The rates of mass transfer between solid and aqueous phases are presdnibeatby t

laws described below.

2.1. Standard State Thermodynamic Data

In all calculations, the standard states for solids are defined as unilydctivi
pure end-member solids at the temperature and pressure of interest. Threl stizteléor
water is the unit activity of pure water. For aqueous species other tarthe¢ standard
state is the unit activity of the species in a hypothetical one molal solutsaneed to
infinite dilution at the temperature and pressure of interest. EquilibriuntacdaglogK)
for reactions were calculated from the standard state thermodynamictiesofuar
mineral end-members and aqueous species. The values kfaludjthe sources of
thermodynamic properties that were used are listed in Table 2. In all icéseglly
consistent thermodynamic properties were used when possible. See Zhu and Lu (2009)

for a detailed discussion of the choices regarding standard thermodynamitigsope
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Table 1. List of Symbols

symbols Explanations
ag Subscript: aqueous species
= Activation energy (J/mol)
g g=|AG|/ RT
AG, Gibbs free energy of reaction for tjte mineral (J mot)
F(AG) IIzsvaction rates as a function of Gibbs free energy of reaction in the rate
' Effective rate constant
Rate constant for the first term of the empirical parallel rate law of
K, Burch et al. (1993) (mol ins?)
Rate constant for the second term of the empirical parallel rate law of
ky Burch et al. (1993) (mol ins?)
K, Rate constant gth mineral reaction (mol’sm™)
K Equilibrium constant
m; Total concentrations of théh aqueous constituent in molality
m Molality of theith aqueous species
Empirical parameters fitted from experimental data for the first tdr
m the empirical parallel rate law of Burch et al. (1993)
m, Empirical parameters fitted from experimental data for the first tdr

the empirical parallel rate law of Burch et al. (1993)
Empirical parameters fitted from experimental data for the first térm

M the empirical parallel rate law of Burch et al. (1993)

N; Moles of mineral, per kg of water

Q Activity quotient

r Rate of dissolution or precipitation of tfte mineral in mol kg s*
! (kgw=kg water)

Sl Saturation Index

S Surface area of th¢h mineral

c Temkin coefficient in the rate law

€ Include

Mineral

abbreviations APite, Ab; sanidine, San; quartz, Qtz
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Table 2. Equilibrium constants used in this study

25°C 200°C, 300°C, | Ref
Agueous reactions 0.1 MPa 30 MPa | 8.8 MPa
H,0 = OH + H' -13.99 -11.163  -11.297 (1)
Al + H,0 = AI(OHY" + H -4.964 -1.44¢ 029 (2
Al®* + 2H,0 = Al(OH)," + 2H' -10.92 -363 1119 (2
Al** + 3H,0 = Al(OH),° + 3H' -17.044 -7.30] 4.034 (2)
Al*" + 4H,0 = Al(OH), + 4H -22.85 -11.57] 8.150 (2
Al®* + Na + 4H,0 = NaAl(OH)° + 4H" -22.9 -10.74 6.6 (2
AlP* + SIQ° + 2H,0 = AlH;SiO?" + H -2.35] 1.8 3189 (2)
Na* + H,O = NaOH + H* -14.20 -11.087 10.48( (3)
SiO° + H,O = HSIOy + H' -9.584 -8.701 9.43¢ (3)
SiO,° + Na + H;O = NaHSIiQ° + H -7.754 -7.761 7.984 (3)
C&' + HO = CaOH + H' -12.83 -7.961 6.434 (3)
K* + H,0 = KOH + H' -14.43 -10.939  -10.267 (3)
Cl + Cc&" = caCt -0.293 1.144 (3)
2CI+ C&" = CaC}° -0.644 0.674 3)
H* + CF = HCP -0.71 -0.19 4)
K"+ CIF = KCP 0.454 (5)
Na" + CI = NaCP -0.777 0.014 3)
HCO; + H'=CQO, + H,0 6.344 8.524 (3)
HCO; = CO? + H' -10.32 -11.46] (3)
HCO; + Na' = NaCQ + H' -9.454 -8.464 (8)
HCO; + Na = NaHCQ® -0.103 2.004 (8)
HCO; + K = KCO5 + H* -9.454 -8.468  (8)
HCO; + K = KHCOY -0.103 2.004 (8)
Mineral dissolution reactions
NaAISi;Og (Albite) + 4H" = AIP* + Na' + 3SiQ° + 2H,0 2.06 -2.504 4.714  (6)
AlO,H (Boehmite) +3H = AI** + 2H,0 7.61 244  -253Q (7)
AlO;H (Diaspore) +3H= AI*" + 2H,0 7.19] 0.03 2.684 (6)
Al,Si,0s(OH), (Kaolinite) + 6H = 2APF* + 2SiQ° + 5H,0 4.50] -5.354 9.441 (6)
KAISi;0g (Microcline) + 4H = AP* + K* + 3SiQ° + 2H,0 -1.05 -3.923 5.694 (6)
KAI 3Sis01¢(OH), (Muscovite) + 10M= K" + 3AF* + 3SiQ° + 6H,0 11.24 -5.407 -12.44p (6)
NaAl;Siz0:(OH), (Paragonite) + 10H= Na" + 3APF* + 3SiQ° + 6H,0 14.39 -3.753 11.164 (6)
Al,Si;01(OH); (Pyrophyllite) + 6H = 2AF* + 4H,0 + 4SiQ° -1.724 -9.733 13.64] (6)
SiO; (Quartz) = Si¢ -4.047 -2.424 2.033 (6)
KAISi ;05 (Sanidine) + 4F1= AI*" + K* + 3SiQ° + 2H,0 0.00? -5.494 (6)
KAISIO, (Kalsilite) + 4H = K* + A** + SiQ° + 2H20 12.54 1.181 (8)
NaAlSiC, (Nepheline) + 4H= Na' + A** + SiQ° + 2H20 13.42 118 (6)

(1) Haar et al. (1984); (2) Tagirov and Schott (20@3) Sverjensky et al. (1997); (4) McCollom and
Shock (1997); (5Ho et al. (2000); (6) Holland and Powell (1998) fainerals and (1), (2), and (3) for
aqueous species; (7) Hemingway et al. (1991) fehbute; (8) Alekseyev et al. (1997).

2.2. Rate Laws

A general form of rate laws for heterogeneous reactions may be asitte
(Lasaga et al., 1994)
dN. - .
r=—=>=kSarg)]]a" f(aG,)

wherer; is the dissolution rate of thh mineral (mol g kgw™; kgw=kg water),N;

denotes the moles of minejager kg of water (mol kgi), k is the respective rate
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constant (mol Ms?), and§ is the reactive surface area of jtlemineral (Mikgw?). ay”’
stands for the activity of hydrogen in the aquesalstion, and hence this term accounts
for the well-noted pH dependence of dissolutiorsal he terng(l) accounts for

possible ionic strength dependence of the ratest8im[]a" incorporates possible

catalytic and inhibitory effects of aqueous species, (J/mol) denotes the Gibbs free

energy of reaction.

The term f (AG, ) describes the effect of deviation from equilibriomthe rate

and represents the thermodynamic driving forcelfi@mical reactions (Prigogine and
Defay, 1965; Aagaard and Helgeson, 1982). A sirfgia for ther; - AG, relationship is
proposed based on the Transition State Theory ((ISaga, 1981a; Lasaga, 1981b;

Aagaard and Helgeson, 1982),
_[q_ AG, 3
f (AG,)= (1 exp[ o7 D (3)

This formulation of the free energy term has alserbtermed the “linear TST rate law”

because the relationship betwegand AG, becomes linear near equilibrium.

However, a number of experiments near equilibriawehshown that the actual
relationship between and4G; deviates from this so-called linear kinetics (Sohke et
al., 1987; Nagy et al., 1991; Nagy and Lasaga, 1B8g&h et al., 1993; Nagy and
Lasaga, 1993; Gautier et al., 1994; Alekseyev.etl@b7; Cama et al., 2000; Taylor et
al., 2000; Beig and Luttge, 2006; Hellmann and driasd, 2006). As shown below, the

linear TST rate law also cannot fit the experimed#ta of Zhu and Lu (2009).
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Different non-linear rate laws were proposed féd$par dissolution. For

example, Alekseyev et al. (1997) introduced a Ino@ar rate law in the form of

(3

whereQ is the activity quotient is the equilibrium constanp,andq are fitting

q

f(AG,) = (4)

parameters. Burch et al. (1993) proposed an evapparallel rate law in the form of,

r/S=k[1-expng™)] +k,[1- exp(-g)]™ (5)

wherek; andk, denote the rate constants in units of noir&, g =|AG|/ RT, andny, m,

andm, are empirical parameters fitted from experimed&dh. Note that the first term is
equivalent to Eqn (4) ih, =p, my = 1, andg = 1. The second term is also equivalent to
Eqgn (4) ifp = 1 andm, =q. In the reaction path modeling of the present stucdy e
law of Eq. (5) is used for albite and oligoclasgesdiution. Rate laws for other mineral

dissolution and precipitation reactions will beatdissed below as they appear.

2.3. Reactive Surface Area

The concept of “reactive surface area (RSA)” (Hstgeet al., 1984) is rooted in
the theories of surface controlled reaction kirgetikhe rates of heterogeneous reactions
are proportional to the “concentrations” of reagtsurface sites. The RSA thus
substitutes for site concentrations in lieu of taatconcentrations in a first order rate
law (Zhu and Anderson, 2002). Apparently, RSA reprds the key scaling parameter for

extrapolating from atomic to laboratory and fietdles. However, this concept is
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difficult to implement in practice. Different crydtfaces have different types of surface
sites and site concentrations. Surface topograplgy, kinks, edges, and adatoms) and
types and densities of defects on mineral surfaceslifficult to quantify. The “reactive
site concentrations” would also depend on whethdrheow deep a “leached layer” is
developed near the mineral surfaces (Stillings.e1895; Oelkers, 2001).

The common practice in geochemistry is to use thm&uer-Emmett-Teller
(BET) surface area (Braunauer et al., 1938) ofittygoowder as a proxy for the RSA.
However, there are several challenges in substfBET surface area for RSA in Eqn
(2). From a theoretical point of view, we are usingingle parameter to represent a
variety of surface sites with different reactivéigd concentrations. The BET SA is more
physically based (gas adsorption and surface reegg)rthan chemical in nature. From a
practical point of view, it is difficult to measuBET SA for a mineral within a mixture
and for secondary minerals with miniature quargit@ften, the reactive surface areas are
significantly less than the BET surface area (Hebgeet al., 1984).

In an experiment, reactive surface area may vaeytdihe growth or reduction of
crystal sizes. In such cas&sjuring dissolution or precipitation may be emgalig
related to the initial total surface aré&l) (by (Christoffersen and Christoffersen, 1976;

Witkamp et al., 1990; Zhang and Nancollas, 1992gHa., 1994)

S/S° = (N'/N°)P ®)

whereP is a coefficient that depends on the shape oftystal and the relative rates of

dissolution (or growth) on different surfacd2.equals to 2/3 if the shape of the crystals
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remains unchanged and rates on all faces are eQualues of 0.5 indicate that
dissolution or growth occur predominantly in twoeditions whileP values of O indicate
one direction (e.g., Witkamp et al., 1990).

The reactive surface areas may also vary duringraxents as a result of the
extinction of highly reactive fine particles (Hetgpm et al., 1984), change of the ratios of
reactive and nonreactive sites (Gautier et al.1p0@iechanical disaggregation of
particles (Nagy and Lasaga, 1992; Ganor et al.913hd formation of surface coating
(Ganor et al., 1995; Nugent et al., 1998; Cub#aal., 2005; Metz et al., 2005).

It is even more difficult to estimate the reactsteface areas for precipitating
secondary phases. Precipitation of a new minet@@hequires nucleation and crystal
growth. Currently, the lack of parameters prevéimesapplication of nucleation theories
to the experiments that we examined in this stedg feview by Fritz and Noguera,
2009). For modeling, it also presents a dilemmecipitation cannot proceed without
surface area first; and without precipitates &t fithere are no surface areas for the
secondary phases. Although the size of stable ncanhebe calculated using classical
nucleation theory (Nielsen, 1964), there are notstrays to assess the reactivity of such
nuclei.

In this study, we followed common practice in gesroistry and used the BET
surface areas for starting reactants in the reag@h modeling as the initial conditions.
Then, we assessed the possible temporal variaticractive surface areas from
experimental data. When it was difficult to sepathie effects of rate constant and
reactive surface areas from batch reactor dataptneuced an effective rate constant,

k*
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k" =kxS 7 (
whereS stands for reactive surface ark'ahas a unit of mol kgw s*if Shas units of
kgw™. Note thak*, as a fitting parameter, in effect, could represal terms in the
empirical rate law (Eqn. 5), except for the Gibleefenergy term and other effects

explicitly noted.

3. MODELING RESULTS AND ANALYSES

3.1. Albite Dissolution - Sanidine Precipitation Experiments

Alekseyev et al. (1997) conducted a series of baxgeriments for low albite
(Nap.9K0.02AISi3,010s) dissolution in 0.1 m KHC&Xfluid. The experiments were
conducted at 300 °C and 88 bars and pH ~9.0 (kedfey bicarbonate). The measured
initial BET specific surface areas are 0.14grfor albite reactants. XRD and SEM
results show that the only secondary mineral formas sanidine.

Alekseyev et al. (1997, shortened to Alek97) caltad albite dissolution rates at
the congruent stage (the first 7 hours, cf. th&rZ} on the basis of molal concentrations
of Na, Al, and Si in the solutions, which are altngteichiometric. At the incongruent
stages (7 — 1848 h), they used a mass balanceaabptttat accounts for primary mineral
dissolution and secondary mineral precipitationdlrulate reaction rates, which is
essentially numerical inverse mass balance modblimgvith statistical rigor. For
convenience, we will reference the original valoégrates, rate constants, mineral
abundances etc. reported by Alek97 as “experimelatal’ although many of these

values were derived and not directly measured.
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3.1.1. Congruent Dissolution Stage (0-7 h)

The first seven (7) hours of the 1848 h experimeadsording to Alek97, showed
essentially congruent dissolution of albite. Thaswased on the stoichiometric ratios of
Na, Al, and Si released into the solution (seewgknd on the lack of detectable
sanidine in the reaction products. The experimstaided far from equilibrium, and

congruent dissolution of albite was recorded inAgg, range from -59 to ca. -20 kJ/mol

(Fig. 1a). The initial mass/volume ratio in the esiment was 2.5 g albite kgt(9.52 x
10° mol kgw?) and the initial specific BET surface area wa20rf/g. During the first 7
hours, about 8% of the albite was dissolved. Theuwats of remaining albits (mol

kgw™) at the time of interest were roughly estimateaifithe mass balance,

NizNi'l—[rix(tj—f'l)J (8)

wherei stands for the ith sample in the batch setiés, time (s) and for the rate of
dissolution in units of mol'skgw® as reported by Alek97. The amount of albite was
reduced to ~8.8 x 10mol at 7 h according to Eqn (8). It must be emjzteakthat Eqn

(8) only gives rough estimates of the albite magfie reactor. For simplicity, we
assumed that the total surface area of alBjjeremained constant during the first 7
hours. This assumption resulted in an underestimati the dissolution rate towards the
end of 7 h.

The experimental data allowed the fittingigf m, danin Eqn (5). The fitted

k,value (4.35< 107 mol s* m?) at far from equilibrium condition (i.e., aG,, = -59
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kJ/mol) is consistent with the independent datd@fmann (1994) for Amelia albite (log
k =-6.2 ork = 6.3 x 10’ mol s* m? at pH 8.6 and 30C). To fit the shape of the- AG;
Ab CUIVe, we useth, = 6 andh, = 5x 10°. Because all experimental data were in the

rangeAG, < -16 kJ/mol, the second term of Eqn (S)ctaot be determined with the

Alek97 data. Figure 1a compares the predicted ahanglbite dissolution rate)(vs.
deviation from equilibriumAG; ap) to the experimental observations and to thelsate
of Alek97 and TST.

Note that thie- AG; p curve (dotted curve in Fig. 1a) calculated withk8Ié’s
rate law (Eq. (4)), slightly over-predicted the ekmental data while it matched well

with their Fig. 7. This is because we re-calculateirG ,, values with a different

thermodynamic database (Zhu and Lu, 2009), whidteshthe data points ~ 4.34 kJ/mol

towards loweng ,, . The parameters we used for thetérst k;, my andn) yielded a
slightly better fitting of the albite rates as adtion of AG ,, than the rate law of Alek97

re-calculated with our thermodynamic database (Eag. Although both Eqgns (4) and (5)
fit the experimentat = f(AG;) data well and both show asymptotical behavior, the
predicted rates closer to equilibrium are quitéedént, with Eqn (4) predicting
impossibly slow rates toward equilibrium as a restiits mathematical form. These slow
rates do not agree with experimental data of Betdd. (1993), Taylor et al. (2000) and
Beig and Luttge (2006) (Fig. 6 of Zhu, 2009). TH&TTlinear rate law (i.e., Eqn 3), fitted
to the initial rate constant far from equilibriukagd to serious over-estimation of
dissolution rates at near equilibrium (dashed iimEig. 1a).

The experimental data described a sigmoidal shaphér = f(AG,) function.
Burch et al. (1993) showed a steep slope for ath@solution at 86C and pH 8.8 while
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Hellmann and Tisserand (2006) proposed a gentpedbor albite dissolution at 15C
and pH 9.2. Neither of them, andn; pairs would fit the experimental AG, 5, data
(Fig. 1b).

In short, the experimental data of congruent diggmh of albite in the first seven
hours have adequately definedand, to some extent, a sigmoidalf(AG;) . It is clear
that the experimental data cannot be representedibgar TST rate law. It is also clear
that the rate law proposed by Alek97 (Eqn 4) amgegsed from the 0 — 7 h experimental
data predicts unrealistically slow rates closeguiléorium. We will demonstrate, below,
that the sigmoidal - AG, o, plays a significant role in defining how the reéans are
coupled and how the ZBV hypothesis can be apptideeld data. However, we must
remember Eqn (5) is an empirical expression. 12,88e will add the parameters of the
second term in Eqn (5), which only affects therléad closer to equilibrium) period of
the experiment

Note that the well known rapid ion-exchange readtiwith fresh albite surfaces
at the onset of the experiments (e.g., Garrelssowlard, 1957) were also observed in
the abovementioned experiments. We have takeraggount of these reactions
following Alek97 in the calculations of albite dadation rates and in the reaction path
simulation described below. Also note that the tdon-exchange” in the literature

sometimes also refers to replacement reactionsSgseton 3.1.2).
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Figure 1. Rates of albite dissolution in the fgsven hours of experiments normalized to
the initial BET surface areas (in mol4s™). Symbols denote experimental rates (Table 3
of Alekseyev et al., 1997) and lines indicate défe rate law expressionsG, ,,  values

were calculated in Zhu and Lu (2009). (a) The slatie represents rate law used in this
study (Egn. 5) with customized parameters. The ethsind dotted lines are based on
linear rate law (TST) and rate expressions fronkédgev et al. (1997), respectively. (b)
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(1993) and Hellmann and Tisserand (2006), respalgtiv
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3.1.2. Steady State Dissolution of Albite and Ryigaion of Sanidine (~672 - 1848 h)
During the second stage of the experiment (7-672dnidine nucleation
occurred, which was followed by its precipitatidts geochemical models are currently
limited in dealing with nucleation, we will firsigstuss here the last stage of the
experiment (672 — 1848 h). During this stage, trstesn was in a quasi-steady state,
during which concentrations of some elements (&lgand Si) but not all (e.g., Na) were

almost constant (Fig. 2). The rates of albite digsmn r, approximately, although not
exactly (see below), were equal to the rates atisanprecipitationr,,, on a mol kgws

! basis (Fig. 3),

IFae| [V sa 9)

Note that discrete sanidine crystals were formedlbite surfaces or dissolution
cavities in the experiments (Alekseyev et al., 199Terefore, the dissolution-
precipitation process 30C is fundamentally different from that at highemfgerature
(e.g., 600°C), during which isomorphous replacement or “ionf@nge” reactions
occurred (Putnis, 2002; Labotka et al., 2004)

Significant amounts of albite were dissolved fron2 & to 1848 (~5.8 x 1dmol
kgw™ at 672 h, and 65% of that was dissolved at 184®Hhat we must account for the
variation of reactive surface areas associated tiwélthange of albite mass. The
parameters in Eqn (5, my, andn; for albite had already been fitted from the coegiu
dissolution data (0 — 7 h). However, the paramdterthe second term in Eqn (5,

andk,, could not be determined using the Alek97 dataeatongruent stage, in which

178



dissolution occurred relatively far from equilibmuand therefore the first term of Eqn (5)
dominated dissolution rates. The dissolution retetg 672 -1848 h were mainly
affected by reactive surface areas and also sfipytthe second term of Egn (5). We

included the second term by assuming that the oditig / k, = 56.67 anan, = 1.17 are

the same as those of Hellmann and Tisserand (20@8)ever, the effects of including
the second term in Eqn (5) are small in our studythe conclusions below are not
affected by this assumption. With these parametes;an calculate the ratio between

the experimental rates>»  and the rates computed Eagm(5):

resPfr’ (10)
where
o m (11)
r* = S3y ki, L- expeng™)]+ k, [L- expe-g)™)
and S;, (nf kgw™) is the initial surface area in the reactor fa time period of
interest.

The ratios so calculated from Eqn (10) represeahgis of reactive surface areas
if all the fitting parameters are constant throughte experiment and all additional
factors not accounted in Eqn (11) are negligibtetlie period 672 — 1848 h (e.g., Al
inhibition). Apparently, the calculated valuesrbtdepend on thé&, andm, values that

are used. Use of Burchlg/k, and, for example, would produce a different set’of

values. However, for the Alek97 experiments, th&t term in Eqn (11) is dominant, even

during 672 -1848 h.
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It turned out that a decrease of reactive surfeea lay a factor of 2.4 from 672 to

1828 h was necessary and the temporal evolutitimeafeactive surface areas can be

approximated by an expression (@' / Ng,,,)"*  for672-1848 h, which is not the best

fit, but suits the principle of parsimony. The bfiistvas obtained Witk( N/ N672°)°'8 . As

indicated previously, thiB value of ~2/3 may indicate that albite dissolutiates were
approximately equal on all faces, and the shaghite grains did not change during the
dissolution.

To fit the sanidine precipitation rate data, weduge classic Burton-Cabrera-

Frank (BCF) theory for crystal growth (Burton et 4951),

r

San San

AG, 2
/s ——k(e = _1] (12)

where all symbols are as presented before. Theimegagn ensures proper accounting
during the simulation.

As mentioned in 82, the reactive surface areathfprecipitating solids are

difficult to estimate and the experimental datdlyegefined the effective rate constdnt

. The temporal evolution df” can be evaluated from the equation,

AG, 2
K=kxS§, =— rsa/ ( T —1} (13)

where AG, ., was calculated according to Zhu and Lu (2008 calculateck” values

correlate linearly With(Nt

San

)°* (Fig. 4). This correlatioannot be used to derive the
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reactive surface area of sanidine, but numericallgufficient to model the change in

dissolution rate using the rate law,

os( A% ’
o =—k (N%,)° (eRT —1] (14)

with a k' value of 3 x 10 mol m? s™.

In the simulation, the starting point was the expental concentrations of Na, Si,

Al and the estimated,, at 672 h (these were batch experiments and e&ch was not

connected). The simulation results matched wel Wit experimental data. The good fit
is demonstrated by the Si, Al, Na concentrationg. (&), the Si:Al and Si:Na ratios (Figs.
5, 6), albite dissolution and sanidine precipitatiates (Fig. 7a, b), the saturation indices

(Figs. 8), ratios of,,, /r (Fig. 3), and the mass oftalland sanidine remaining in the

San

batch reactors at the end of the experimental (feigs 9).
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Figure 2. Temporal evolution of dissolved constitusoncentrations: (a) Na; (b) Al, and
(c) Si. Symbols denote experimental data; lineslteérom numerical reaction path
model simulation. The portion of dotted line shdtws simulation results during 672-
1848 h. Error bars indicate 10% uncertainty in yiedl measurements (the same
hereafter).
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Figure 3. Ratios of albite dissolution rates veidiae precipitation rates when expressed
in unit of mol §" kgw™. Symbols denote experimental data; lines denotecthdts of
numerical reaction path model simulation. Here thiedeafter, the dotted line shows
portion of 672-1848 h.
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processes.

The overall dissolution — precipitation reaction is

NaAlSiQ+ K — KAISjQ+ Na (R1)

As albite is dissolved, Naconcentrations increased while thé*Adnd Si concentrations
remained to be almost constant (Fig. 2) and th8iAtios are almost 1:3 (Fig. 5).
Because Naincreased, Saturation index (SI) for albite insszhwith time (Fig. 8) and

hence the slight decreasergf  with time (Fig. $ahidine rates also decreased with

time (Fig. 7b).
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Of particular note is the simulated- AG, . Alekseyewale(1997) discussed the

peculiar experimental data of the incongruent stagboth albite and sanidine. We will
discuss them later in more detail, but here wedamuthe reactions that occurred

between 672 and 1848 h. The simulatedAG, matchedwitbllexperimental data
between 672 to 1848 h (Fig. 10a). The decreasg ofas due to both a slight increase of
AG,, and a decrease 8f,. For sanidine, the simulation also matched wethwi

experimental sanidine rates (Fig. 7b). Note theséhtwo diagrams are different from
Fig. 1a,b because the rates are expressed as midlskgso that the rate changes are a

function of bothAG, and. The agreement, therefore, indicates that thedtenforS(t)

as a function of moles of albite and sanidine &edBCF model of sanidine precipitation
generated acceptable approximations.

The simulations based on these assumptions gedeesults that match the
experimental data for the period 672 — 1848 h.Mbset important result is a quasi-

steady state in terms of, /r ratios that are almasy.urhis important conclusion

San
is not related to more assumptions below, whicaegled to simulate experimental

period 7 — 504 h.

3.1.3. Albite Incongruent Dissolution with Initiation of Sanidine Precipiiah ( 7 — 504
h)

The Alek97 experiments started with an aqueoudisalthat was undersaturated
with respect to sanidine. The sanidine Sl rosedigpbecoming supersaturated at 1.5 h

and reaching a maximum of ~1.0 at 24 h (Fig. &n¥that point on, the sanidine Sl
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decreased linearly, approaching but not reaching Zénis SI temporary evolution is
typical result of competition of continued primamyneral dissolution and secondary
mineral nucleation and growth (Fritz and Noguefd)9).

The beginning of sanidine nucleation was marked pgrturbation of Al and Si
concentrations (Figs. 2b, c) and also Sl of albugich first increased rapidly until
reaching a maximum at 24 h, then decreased froto 22 h, and finally increased
linearly from 72 to 1848 h (Fig. 8). Because of $irailarity of the albite and sanidine
structures, sanidine nucleation is expected tonbalite surface sites. It is apparent that
nucleation of sanidine on albite surfaces causgrdmmatic decrease of albite dissolution

rate (Fig. 7a)r, decreased monotonically durindfitise48 h, even though there is an

albite maximum in Sl during this period (7 — 4&yg. 8). This observation indicates that

the r,, decrease was not merely a function®f, . leappthat changes of reactive

surface area must also have contributed.

Such reduction of the “reactive surface area” cabeaccounted for by the
reduction in the physical surface areas (be gearr@tBET), but only by the blocking of
the reactive surface sites on albite, due to thegmce of an inhibitor or due to surface
coating. It has been shown in several studiesdisablution rates of feldspar are
retarded in the presence of Al (Gautier et al. 419elkers et al., 1994; Oelkers, 2001).
However, the experimental data of Alek97 show &latoncentrations are 1.02, 1.01,

1.04, and 1.01 mM at 7, 16, 24, and 48 h, respalgtiAs the drastic reduction of,

coincided with almost constant Al concentrations/o48 h (Fig. 11), Al inhibition
alone cannot explain the reduction in albite dissoh rate here. We suggest that the

reduction inr,, was due to the nucleation of sanidin¢he albite surface. From 7 to 48
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hours, the amount of sanidine increased from 0a4 Mmol kgv'. As the amount of
albite (8.7 mmol kgw) was much higher, one can argue that the amougroefing
sanidine is not sufficient to fully cover the swdzof albite. However, mineral
dissolution (as well as crystal growth) mainly acan the reactive surface sites that are
provided by kinks, and a full blockage of thesessitan still be attained with relatively
small amounts of coating. For example, it has eparted that only a few percent of the
crystal surface needs to be covered with an irdilbat achieve total blockage of the
crystal growth process (Liu and Nancollas, 1975jjiée and Van Rosmalen, 1986;
Hoch et al., 2000). It is expected that sanidineeation would mainly occur at or near
the sites were albite dissolution occurred, ash@3e sites may provide a template for
nucleation; and (2) the oversaturation may be sdméehigher near the dissolving sites
due to the local supply of Al and Si. Indeed, Alélobserved that crystals of sanidine
were nucleated mainly on the walls of dissolutiawities in albite (see Fig. 4c of
Alek97).

However, even though the experimental evidencet@oiout nucleation on albite
surface as the probable cause for the reductiaib@é reactivity, modeling this process
guantitatively is still impossible at the presemtd (see review by Fritz and Noguera,
2009). An ad hoc approach must be used insteag: #ssume that the first term in Egn

(5) has adequately accounted for theAG, effects @htfee second term as described
in the previous section has little effect here beezof the distance from equilibrium), we
can compute the ratios between rates predicted Bem(5) with a constarfs} and the
experimental rates. The ratios can be regarddueasotrection factor¥ (

Y =8 Kl-expt ng*)]/ P®), accounting for the evolution of as reactiongressed,
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wherer,,’ denotes the rates normalized to initial surfaca &82). Y needs to be 4x, 6x,

20x smaller at 16, 24 and 48 h, respectively. Applly, during this period of sanidine
nucleation, the change in the reactivity of thatalbannot be described by the formula
(N/N°)®°7 that was used for 672 — 1848 h in §3.2, which bareonly provide a
correction factor of 1.05. It seems that the desgea albite reactivity from 7 to 48 h is

independent of the change in albite amount. Tordesthis change in reactivity, we

used a time dependevifunction. The regression dfgeneratedy = €”°°°*  whepé
appears in the denominator in Eqn (5) argdthe reaction time in hours. With this
empirical fitting, the experimental data of thestid8 h were approximately reproduced.

Alek97 noted that, for the incongruent dissolutitage, the,, — AG

rAb
relationships were erratic, in a horse shoe shagpshown in Fig. 10a. At first glance,

this experimental observation defies the TST, besé¢ rates are not normalized to the
reactive surface area. This horse shoe shape beddplained by the coalescence of
sanidine nucleus and particles. At this stage (884-h), the degree of oversaturation
with respect to sanidine is much lower than thainduthe peak of the nucleation stage
(around 16 h). Numerical modeling of simple preteippon and growth of clay particles in
model system show that the small particles injtiateated are subsequently destabilized
and resorbed. Only some classes of particles suand grow (Fritz and Noguera, 2009).
This process appears to explain the increase ofivessurface areas and albite
dissolution rates from 48 h to ~500 h (Fig. 7a)le/hi, apparently correlates positively

with the increase @f,, (Fig. 10a). Currently, we aatrpredict the increase in albite
reactive surface area, and therefore we need ttogreampirical functions that would
describe it. TheY function Y = 4600.5t™**°% for 48 — 504 h helped the match between
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simulated and experimental values. The simulatiso matched well with the non trivial

—AG, ,, relationship (Fig. 10a).

r.Ab

3.1.4. Sanidine Precipitation ( 7 — 672 h)

The precipitation of sanidine 7- 672 h was constdiby experimental datg,,
and Na:Si ratios (Figs. 6, 7hy),,.  increased withetumtil about 504 h (Fig. 7b). This

monotonic increase coincided with an increase ceedse, and an increase again of

sanidine Sl (Fig. 8). The sanidime- AG, relationship is also erratic, with an increase of

I'san COINCIding with a decrease of5, during 7 — 504 & famming a horse shoe

,San
shape for the entire experimental period (Fig. 1Blowever, close inspection shows that

r —AG, is not randomly distributed, but follows a stribrenological order of increasing

rates with increasing time from 48 to 504 h (Figb)L
The BCF theory-based approach, combined with grirezal formula for reactive

surface area increase (Eqn. 14), appears to ace@lirfor the competing effects ofG,

and S

San®

Rates increased to 504 h due to the rapid inerefasactive surface areas

despite a slight decrease &6, ,, . After 504 h, theedse ofAG ,, offset the small

increase ofS

San

and the overall precipitation rates declined. dberease oAG ;,, was
caused by the slowdown of albite dissolution. Téection path model was able to
simulate the horse shoe shaged\G, without excesgfittiote that the wiggles

around 24 h and 120 h in Fig. 10b are due to ctsofy8l. The simulation was able to

catch all these variations.
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3.1.5. Simulation of the Entire Experiment Period)— 1848 h) and Beyon

When all the time segments discussed above wer®gether in a model and t
entire period of the experiment was simulated aepthe results matched well with 1
experimental data (Fig. 2, 3-10, 12). It should be noted thag ,, never reachevalues
> -16 kJ/mol (Fig. 10a The experimentexperienced a period wheanidine
precipitation proceedef@dster tharalbite dissolutioras sanidine was nuclea (Fig. 3).
After ~200 hours, guas-steady state was reached whegg/[rs,| is close to unity(Fig.
3). The simulation shows that the ratio was stabiliae€0.98. It should be pointed ¢

that a poor match for sanidine simulations in thyestage in our trial and err
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simulations would not grossly upset the simulaligdl|r.,| n a later time. The system

appears to revert to a quasi-steady state regardles
We also performed predictive simulations, extendandg445 h, beyond the
experimental duration of 1848 h. All albite is dis®d at ca. 3650 h. Sanidine continued

to precipitate until equilibrium was reached at4h70 h (Fig. 13a). The ratios of

Ire|/|r s Femain at 0.98 (Fig. 13b). Note that due to thepting between albite

dissolution and sanidine precipitation, albite meeached equilibrium with the agueous
solution, but continued to dissolve at the sameeaegf undersaturation (

AG, A, ~ —16 kJ/mol).

r

3.2. Feldspar Hydrolysis Batch Experiments at 28D and 300 bars

The two feldspar hydrolysis batch experiments vdescribed in detail in Zhu
and Lu (2009). The batch experiments dissolvedididdspar (N3.9s=Ca.04
Ko.01Al1.085k.960s and Ky sgNag 15711045k 970g laminae) in ~0.20 M KCI — HCI solution
with 50 mM CQ for 5 and 27 days. The experiments were condwait@d0 °C and 30
MPa. The precipitates were identified as mainlyrimige and possibly trace of
muscovite after five days. The retrieved solidsrfriine 27 days show much more
coverage of secondary minerals on feldspar grams those after 5 days, but XRD
analysis was not successful. The approximatelWN&:Si ratios in the agueous solution
indicate stoichiometric dissolution of albite. Té&mmount of muscovite or microcline

precipitation must be negligible.
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To model albite dissolution, we used Egn (5) afar &rom equilibriumk;
derived from Hellmann et al. (1990)'s albite disgimn experiment at 22% (pH 3.66)
with an activation energlg, of 50 kJ/mol. For the exponent parametersland ratio in
Eqgn (5), we adopted the values from Hellmann aisdérand (2006). Only a small
percentage of albite was dissolved in the expetirmethat we assumed that the reactive
surface areas of albite remained to be constamgithre experiments. The measured
BET SA 0.132 riig was used for the reactive surface area.

For boehmite precipitation, we essentially followgehézeth et al. (2008) and

used the rate law,

AG,
Fanm = —ki(H ) (e RT —1} (15)

Bénézeth et al. (2008) conducted boehmite pretipitaxperiments for pH 6 — 9 at
100.3°C. They found that the TSF{AG;) function fit to their data and the precipitation
rate is a function of pH. Boehmite precipitatiorour experiments occurred in the pH
range of 4.5 to 5.1, slightly more acidic than éixeerimental condition of Bénézeth et al.
(2008). Nagy (1995) documented V-shaped pH depeedef aluminum oxyhydroxides
dissolution rates and proposed an exponent ofot.fAyidrogen concentrations for acidic
solutions, which we adopted.

In the reaction path model, the only fitted terniEomn (15) was the effective rate

constantk;, , which was assumed to be constant heaeibe the reactive surface areas

for boehmite could not be assessed independently/filst aqueous sample was taken
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after 24 h. Therefore, the experimental data priyh@present the stage where the initial
nucleation of boehmite was already passed.

Such a simplistic model matched well the solutibamistry evolution in the first
312 h of the experiments (Fig. 14). Si and Na cotraéions increased rapidly (0-312 h)
as albite dissolved first starting from the coratitof far from equilibrium, but the
increase decelerated due to tf#e5,) term in the rate law. The Al concentrations appea
to reach a quasi-steady state as a result frormotimgetition between albite dissolution
and boehmite precipitation. The pH increased bechashmite precipitation consumes
H*. Note that the dominant Al species is Al(QH this experiment (Zhu and Lu, 2009).
The predicted Sl over time matched well with spimme— solubility calculations for both
primary mineral (albite) and secondary mineral (boge) (Fig. 15).

Essentially, the reaction path model simulated@lthissolution,

NaAlISizOg + 2H,0 — Na' + Al(OH); + 3SiQyaq) (R2)
and boehmite precipitation,

AI(OH)4 + H' — AIO(OH) + 2H,0 (R3)

The albite dissolution and boehmite precipitatieactions are closely coupled. Change

of k:

Bhm

and hence the boehmite precipitation rate teduh changes of albite dissolution
rate and predicted Si and Na concentrations. leratlords, thex:, ~ was constrained by

both Al and Si-Na-H concentrations. The ratioslbfta dissolution and boehmite

precipitation rates are unity on mol kg&" basis although the individual rates decreased
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rapidly as solutes accumulate in the solution (E&). The stoichiometric rate ratio is

1:1, reflecting the overall reaction,

NaAlSizOg(albite) + H —AIO(OH)(boehmite) + Na+ 3SiGyaq) (R4)

This result is significant and consistent with deaclusions in §3.1 and Ganor et
al. (2007). Note that the above modeling resukdangely predictive. No fitting

parameters were used for albite. The only fittiagameter was,  , which was

constrained by the Si, Na, Al, and H data. Themagsion of a constant reactive surface
area cannot be true as no boehmite seeds werénugedexperiments and boehmite
reactive surface areas have certainly grown. Amabsumption was that the albite
dissolution rate is independent of pH, which watsanlareg factor for the first 312 h, but
will artificially over-predict the albite dissolatn rates for the late stage.

However, the above simple reaction path model céyroatch the 312 — 648 h
experimental data by ad hoc adjustment of the ptHermodel to experimental values.
Here the in situ pH values in the reactor wereuwtated from pH measured at room
temperature and recalculated to the experimentgéeature via speciation — solubility
modeling (Reed and Spycher, 1984; Zhu and Lu, 2008)le the values were calculated
from modeling and these values cannot be verifidépendently, the model was applied
consistently and hence the trend is probably rigialye noted that measured &£
concentrations decreased to 44 mM from the stacimgentrations of 50 mM around
300 h. However, modeling calculations show thasjie degassing cannot account for

the large increase of pH as observed.
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We should mention that, with exception of pH ag&® h, the experimental data
constrain the rate laws. A change of the form t# taw or parameters would result in
mismatch with the experimental data. For exampleeihad used a BCF rate law for
boehmite precipitation instead but kept all othemameters the same in Egn (15), the
predicted Al concentrations after 312 h would beltaw. The order of Hconcentration
in Egn (15) was constrained by the Al concentraimmnease after 312 h. A higher order
would be a better fit. Different sets of exponentgqgn (5) for albite dissolution would
result in mismatch with the experimental data asctirvature of Si and Na increase over
time define thé(AG,) dependence of albite dissolution. Therefore, evtfie batch
experimental data did not define a unique reagteth model, it at least narrow down to

a limited sets of plausible models.

4. DISCUSSIONS

4.1. The Influence of f (AG,) andS; on the Coupling of Reactions

Although the inter-dependence between dissolwmhprecipitation reactions
has been discussed before in the literature @ek97), the development of a numerical
model allows us more freedom to explore this refeghip quantitatively. Let’s look at

the simulation of Alek97 experiments discussed &1 ©n the basis of mol kghs*, we

have |r,|~|r,| after a hiatus of sanidine nucleation andesoahce. In the period of 672

— 1848 h when the issue of sanidine nucleationcaatescence has passed and

speculative assumptions of reactive surface ameaaliite were no longer necessary,
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Figure 14. Comparison of predicted solution chemisbm the reaction path model
(lines) with experimental data (symbols) during therse of alkali-feldspar dissolution
batch experiments at 20Q and 30 MPa. The pH values in the simulation veeljasted
to fit the experimental data.
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Figure 15. Calculated change in albite and boehsaiteration indices evolution
compared with data from solubility calculations (Zmd Lu, 2009).

we have,

7n&ml 7‘LGr m2
K,/ Kgonl 1— € 'RTH 14+ K/ kSan[l— eRTJ

Since thek are constant, as well as all other empirical eepbparametersS; and AG,

/[ é?GTr—lj = 5./ § (16)

Ab

are the only temporal variables in the equationtaeg co-evolved. In our simulation for

672 — 1848 hS, decreased an8_, increased so th&®,, / S,,, decreased with time.

San

The AG, .,./AG, ,, decreased correspondingly by decreasiag,, . wialataining

r,San

an almost constantG, ,,
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Figure 16. (a) Simulated ratios of albite dissantrates versus boehmite precipitation
rates when expressed in unit of mol kg for the first 312 h. (b) boehmite
precipitation rates over time. (c) albite dissautrates over timeéBulk albite dissolution
rates in unit of mol kg s* were estimated from the average release rates ahil Si
and boehmite precipitation rates from the balamcalo
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Figure 17. Activity diagram in the 20-Al,03-SiO,-H,0-(CQ,)-HCI system at 208C

and 30 MPa. The symbols represent values calcutgt&dhu and Lu (2009) from
experimental data via speciation — solubility madgl The line denotes to reaction path
modeling prediction from this study.
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These relationships quantitatively dastmte the closely coupled or mutual
dependence nature of precipitation and dissolugantions. In fact, these two reactions
are inter-locked. They reached a quasi-steady atat6, ,, ~-16 kJ/mol with a
reduction of two orders of magnituderaf (or aray/ rap’ of 0.01) due to thé (AG,)
effects.rap, ONn the other hand, decreasedsasdecreased. However, the system did not

move closer to albite equilibrium; albite continuedlissolve aAG, ,, ~ -16 kJ/mol

until all albite was dissolved after ca. 3650 hg(Ai3). Thus, the system is “arrested”, in
terms of preventing albite from reaching equilibmiu

The interpretations of the Alek97 experimental dagnon-unique. This is
particularly true as reactive surface areas a(8iz) -evotved during these batch
reactor experiments. The “experimental” reactivéagie areas were deducted from the

residues of thef (AG) effects. However, the rate lawsligsolution and precipitation,
while affecting the deduces, , do not alter the fact of the coupling. During thals and

errors of developing a reaction path model in otdenatch the experimental data, we
had used the first term in Egn (5) only for alldissolution and used Alek97’s rate law
of sanidine dissolution for sanidine precipitatidhe omission of the second term

resulted in requirements of high8&j, for 672 — 1848 h. In other words, the second term
of Eqn (5) only started to affect the results a8@® h. The relationship,,|~|rs,|  still
held and the system was “arrested” at the same-gtezgly state aAG, ,, ~ -16

kJ/mol.
As we pointed out before, there is no experimdwaals for the second term from

the Alek97 or the Hellmann and Tisserand (2006 e&armental data. The use of the
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Burch et al. (1993) parameters for the second tesmgxample, would result in
significant revisions of the reactive surface aieasder to match experimental data.
However, this is not going to change the outcomeoapling. Likewise, the use of

Alek97’s rate law for sanidine precipitation haduked in different fittings of the

reactive surface areas for sanidine. The same ioguplitcome was obtained{| ~|rs,|
and the system “arrested” at the same quasi-stdatyatAG, ,, ~ -16 kJ/mol).

Such a quasi-steady state is important for ustespret field and laboratory experimental
data. First, field samples are difficult to intespas many coupled reactions in a network
could go on simultaneously. Indeed, an interloaleadtion network is the most likely
case for any given field site. Second, on the dtlaexd, observed close coupling of
reactions helps us to understand why in some $igds feldspar dissolution rates are
orders of magnitude slower than far-from-equilibmitab dissolution rates, but by all
measured saturation indices of feldspars arefatifrom equilibrium (White et al., 2001;
Georg et al., 2009). This kind of observation wifscdlt to explain with the TST linear

rate law, which requires near equilibrium to achisignificant reduction of rates due to

the f(AG) effects.

4.2. Influences from Fluid Flow Rates

As pointed out by Zhu and Anderson (2002) and nooeeothers, most
geochemical reaction problems are reactive massgaoat problems. It is the fluid flow
that brings about mass and heat fluxes that dishepequilibria and drive the reactions.
For the subject we have discussed in this papecontend that the steady state rates

under which chemical reactions proceed in a geckbgystem are the results of
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competition among the three rates in the simplese¢:cthe rate of dissolution of the
primary phase, the rate of precipitation of a sdeoy phase, and rates of material fluxes
associated with fluid flow in a system. The couglof these three rates is best explored
with a reactive mass transport model. However,aqgohl systems are notoriously
heterogeneous, with the hydraulic conductivity wagyup to 13 orders of magnitude
(Freeze and Cherry, 1979). To add uncertaintiégydfaulic and geochemical
heterogeneities and boundary conditions of a géolwady on top of the uncertainties
associated with reactive surface areas and ratedaes not provide much more insight
(Zhu, 2009). Instead, we will conduct reactive maassport in a model system as
below.

We took the geochemical reaction path model ofoalggse dissolution and
kaolinite precipitation from Ganor et al. (2007dasimulated coupled reaction,
advection, and dispersion in a one-dimensional i@pus media. The model system is
represented by a 100 meter strip discretized i@6cklls, each being one meter in
length. As a first approximation, a uniform and stamt average velocity along the entire
cross-section was used. A longitudinal dispersiofty m was assigned to the model. It
was assumed in the study that molecular diffussamegligible compared to advection
and dispersion. Cauchy flux boundary conditionsewesed for both ends of the 1D strip.
Initial pore fluid was taken as the chemistry & fluid at the end of the reaction path
simulation in Ganor et al. (2007), and inflow watdpo the column was taken as the
chemistry of initial fluid from Ganor et al. (200All geochemical parameters used were
the same as those in Ganor et al. (2007), withpgxaoethat theks, ko, in Eqn (5), which

were scaled two orders of magnitude higher. Theetitn, dispersion, and reaction of
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aqueous components under the initial and boundarglitons (described above) were
simulated by usingHReeQc Version 2.3, a one-dimensional finite-differencedal
(Parkhurst and Appello, 1999).

Three different average linear velocities were Usethe three scenarios. Figure
18 shows the results of coupling among the disswlyprecipitation, and flow rates in
terms of Sl for oligoclase at different time andsp. For the base case of 0.1 mly,
different levels of steady state S| were estabtisktedifferent locations along the 1D strip
after some time, with lower Sl near the entrankesied by a dilute solution). These Sl

values were fed back td (AG,) in the rate laws for oligee and kaolinite, which, in

turn, determined the reaction rates, resultingeady state concentrations of aqueous
constituents at specific spatial locations.

For a slower flow rate (0.01 m/y), steady state geserally not achieved within
1000 years of the simulation period. Here we satttie steady state was at a higher Sl
for oligoclase as compared to the base case. &1 atbrds, the smaller solute fluxes
from upstream brought about less dilution of theegtuids in the domain as compared to
the base case, resulting in less influence fromspart. For a faster flow rate (1 m/y), we
see the transport effects are stronger.

In all three scenarios, steady states were edtabliat different levels of Sl,
resulting in different rates of dissolution andgapéation reactions in the time-space
domain. However, the ratios of oligoclase dissolutiate and kaolinite precipitation
remained to be 1.626, as in the batch system Ges®o( et al., 2007). Therefore, the
simulation results demonstrated the coupling anthsgplution, precipitation, and flow

rates. Instead of reaching a single steady statenths determined by the ratios of
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effective rate constants, surface areas, andaatg b series of steady state rates were
established at different locations of the domawenen this initially geochemically
homogeneous media. The time to achieve the steatyand the Sl and reaction rates of
the steady state was a function of the flow ratesuming the geochemical parameters

are the same in all scenarios.

5. CONCLUSIONS AND REMARKS

The geochemical modeling results in the precedeatjens lend support to the
Zhu-Blum-Veblen hypothesis for explaining the agpaurfield — lab discrepancy (Zhu et
al., 2004). In the literature, the majority laborgtstudies have focused on measuring
dissolution rates under which secondary mineratipiation were suppressed while the
majority of field weathering studies have attemptederive dissolution rates only,
without information of the precipitation rates aalif the dissolution rates were
independent from other reactions in the reactidwaork. Not surprisingly, the derived
field rates are orders of magnitude slower tharfah&om equilibrium lab rates. The
ZBV hypothesis has now been developed in moreldetai

(a) Experiments show that the congruent dissolgtage for feldspar dissolution
is short because of the low solubility of aluminsiticate minerals. Secondary mineral(s)
started to precipitate after only a small amourgraohary minerals are dissolved. The
same is expected in the field. In fact, it woulddifécult to find field situations that
secondary mineral precipitation is not presentrdloee, we must always look at the

primary mineral dissolution as part of the reactetwork;
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Figure 18. Calculated saturation indices for ollgee at different time and space from
coupled reactive transport model. (a) average limecity of 0.1 m/y, (b) 0.01 m/y, and
(c) 1 mly.

(b) Previously, we have shown qualitatively that gartial equilibrium
assumption does not hold in these experimentaésys{Zhu and Lu, 2009). The
numerical reaction path modeling results in thiglgtprovided more quantitative
evidence. Although many simplifications were madthe reaction path model, and the
reaction path models presented above are by noswesgue representations of the
experimental data, the basic conclusion on the ¢dgartial equilibrium stands. In a
partial equilibrium system, the irreversible disgmin of feldspar is the driving force. We
show that when partial equilibrium between secondanerals and aqueous solution
does not hold, the precipitation of secondary nailseis the limiting step, which caps the
dissolution rate of the primary mineral. The la¢lkachieving partial equilibrium under
hydrothermal conditions (200 — 300) are indicators that partial equilibrium is afsat
attained at ambient weathering conditions evenghdbie secondary minerals are
different;

(c) A quasi-steady state is reached when k,  q, whereq s a threshold value.

At the quasi-steady state, the ratios for dissouéind precipitation rates are fixed when
the rates are expressed in unit of mbkgw?, and dissolution reaction proceeds at a

fixed AG, . The values of this ratio are a functiortloé overall reaction stoichiometry,

e.g., almost unity in the albite dissolution — slame precipitation experiments of
Alekseyev et al. (1997) and 1.626 for oligoclasesdiution — kaolinite precipitation in
the simulation of Ganor et al. (2007). The steddtesdissolution rate;*, expressed as
mol s* kgw?, may be orders of magnitude slower than theréanfequilibrium rate®.
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For the experiments by Alekseyev et al. (1997) Emet al. (2009);°7r° = 0.01 at 300

°C and 200C. With increasingk; / k;, (increasingly slower initiabpipitation with

respect to dissolution), the steady state dissolutites of the primary mineral also
decrease (Fig. 3 of Zhu, 2009);

(d) Under which conditions the system reachesadgtstate with regard to
coupled dissolution — precipitation reactions soaletermined by thre— AG,
relationships for the dissolution and precipitatieactions. With the experimentally

defined sigmoidal shape relationships for albhie,influence range of theG,  term take

place in solutions of more undersaturation witlpees to the dissolving primary mineral
than previously thought, i.e., using f{&G;) function of Transition State Theory, and it
now does not require to be very close to equiliirto reduce orders of magnitude of
dissolution rates due to the coupling effectshin¢ase of albite dissolution — sanidine

precipitation at 306C (Alekseyev et al., 1997), theG,  for albite dissolut- sanidine
precipitation reactions were locked &, ,, ~—16 kJ/rimotontrast, the TST linear

rate law would require near equilibrium conditiavigh respect to the primary minerals

to reach orders of magnitude reduction of dissofutate due to thaG, effects. Field

data show that field rates are orders of magnisloleer than the far-from-equilibrium
lab rates, whereas the groundwater is not veryedlmsaturation with feldspar (White et
al., 2001; Georg et al., 2009).

(e) The potential effects of fluid flow on the gbuag of reactions were
demonstrated with reactive mass transport modeiiagsystem resembling that
described by Ganor et al. (2007). The results bftedluxes generated a series of steady
states (i.e., Sl, aqueous concentrations, andoeaeites) at different locations in the
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computational domain, even though the media wasvass to be geochemically
homogeneous. The time-space distribution and lefaisiasi-steady states are
determined by the flow rates for a given kinetiazdel. A range of rates can be sampled
in a field system for samples with close spatialkpnity, as well as transient chemical
states in a system. Therefore, slow clay precipitaffectively reduces feldspar
dissolution rates by orders of magnitude, in aitaskbonsistent with laboratory rates,
transition state theory, and field observationstiarmore, “close to equilibrium” is
probably the most quoted explanation for the appatiscrepancy. However, how this
explanation can work quantitatively was not expditefore. Our hypothesis provides a
guantitative explanation.

The control of feldspar dissolution by the pre@pdn kinetics of the secondary
minerals reconciles many of the apparent discrepaietween laboratory experimental
rates and field measurements, and explains fiedémvltions that previously appeared
inconsistent. It explains slow but persistent fpisdissolution in sandstone aquifers
(Zhu, 2005 for the Navajo sandstone aquifer inheastern Arizona); why smectite
coatings occur on all sediment grains, not onlyedtlspars (Zhu et al., 2006); why
kaolinite is preserved and co-exists with smeatiteatural systems over hundreds of
thousands to millions years (Zhu et al., 2006). Dwoothesis shifts the paradigm from
debate about feldspar dissolution kinetics to tdmmnétion kinetics of secondary phases,
and opens up new possibilities for laboratory aeld xperiments to unravel the rates of
overall aluminosilicate weathering reactions.

So far, our work has only focused on the couplihgre dissolution reaction with

one precipitation reaction. In field situationsyes@l dissolution and precipitation
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reactions may operate simultaneously. The cougiferts in the reaction network can
become extremely complex. The experimental dagdestated temperatures 280 and
300° C showed a maximum two orders of magnitude redoatiie to the coupled
reaction effects. Our modeling study has cleargntdied the research needs of the rate
laws in the near equilibrium regions, rate lawgogcipitation reactions, and more studies
of reactive surface areas.

Another source of retardation of dissolution ratethe field can come from
surface passivation. Zhu et al. (2006) found a 1#ir- 50 nanometer amorphous layer on
the K-feldspar surfaces in the Jurassic Navajostand in Arizona. Whether such a layer
is widespread for minerals that have been in comtdh water for thousands to million

years and what the role this layer plays is culyeniclear.
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CHAPTER 6

NAVAJO SANDSTONE-BRINE-CO, INTERACTION: IMPLICATIONS FOR
GEOLOGICAL CARBON SEQUESTRATION °*

® This chapter is will be pubilished as: Lu, P., éferd, A., Fu, Q., Seyfried, W. E, and Zhu, C. @p1
Navajo sandstone-brine-G@teraction: implications for geological carbomsestration. Environmental
Earth Sciences, in press, DOI: 10.1007/s12665-G01-§.
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1. INTRODUCTION

An ever-increasing amount of scientific evidencggasts that anthropogenic
release of C@has led to a rise in global temperatures sincénithestrial Revolution
(Crowley, 2000). The injection of Ganto deep saline aquifers is presently being
evaluated as an option for greenhouse gas redu&Giale, 2002). Currently, the U.S.
Department of Energy (DOE) is conducting pilot 4Qjection tests to evaluate the
feasibility of storing millions of tons of carbomoaide in deep saline aquifers around the
U.S.The Navajo Sandstone and its geological equivallbatNugget Sandstone, are two
of the target aquifers in the western United StatesNugget Sandstone saline formation
was selected as the target for one of the largervelinjection tests by the Big Sky
Carbon Sequestration Partnership (Spangler, 200¢)Jurassic Navajo/Nugget
Sandstone has been identified as regionally extemsithe western U.S. (Loope and
Rowe, 2003), and is thus potentially significanthwespect to carbon sequestration in
these regions.

While from a capacity perspective, deep salinefacgipffer significant potential
(DOE, 2007; Gale, 2002), considerable uncertaiméesin because G@s reactive,
particularly when dissolved in water. €3 likely to react with the sandstone, causing
precipitation and dissolution of minerals, and aiag the porosity, permeability, and
injectivity of the aquifer (e.g., Xu et al., 2004 date, the published literature has
focused mainly on carbonate precipitation with@giard to the reactivity of the host
rock. CQ-fluid- rock interactions within saline aquifersveareceived less attention.
Dissolution of silicate minerals in a brine andgypéation of carbonate are reported in

limited numerical modeling studies that involveat&an kinetics (Gunter et al., 2000;

225



Gunter et al., 1997; Parry et al., 2007; Perkirs@uonter, 1995) and experimental
studies (Gunter et al., 1997; Kaszuba et al., 2B@3zuba et al., 2005). A month-long
batch experiment at 10& and 9 MPa yielded a large increase in alkaliaitgt minor
water-mineral reactions (Gunter et al., 1997).dntrast, 32- to 77- d experiments at 200
°C and 20 MPa resulted in texturization of silicati@erals (quartz, plagioclase,
microcline and biotite) in the aquifer and the &apa (an artificial analog) indicative of
more significant reactions (Kaszuba et al., 200®5). However, the following

guestions remained unanswered: What is the respdrgeaquifer system far away from
an injection well to the injected G®Are there any new clay minerals formed and what
is the stability of indigenous clay minerals — tey disappear by dissolution, transform
into new minerals, or become free and mobile and te clog the pore throats? The
answer to latter question has implications for peahility and may pose a concern on
reservoir quality and injectivity. In addition,i# not at all clear from available data
whether high C@concentrations in fluids (due to G@jection) act to catalyze or inhibit
silicate mineral dissolution and secondary minpratipitation. In this study, we
conducted a series of GGandstone-brine interaction experiments to ingat the
response of the Navajo Sandstone to the injecfi@QOp. Detailed SEM and XRD work
was performed to characterize the product minegaladstone from a drill core was used
in the experiments to facilitate the investigatodrindigenous clay mineral stability. This
study provides critical constraints that can sewea basis to refine numerical

performance modeling of G@equestration in saline aquifers.
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2. MATERIALS AND METHODS

Experimental approach. A total of three hydrothermal experiments havenbee
conducted to assess primary mineral dissolutionseedndary mineral precipitation. The
first batch experiment exposed the Navajo Sandstw@€)- impregnated brine and
assessed the mineral reactivity as it affected pabifity, porosity, and permanent
sequestration via precipitation of carbonates assbtution/precipitation of silicates and
clays. These data will provide input for furthensiation studies. The second batch
experiment dissolved the Navajo Sandstone in abidine without CQ and with a lower
pH, for comparison against experiment #1. Finallynixed flow experiment (experiment
#3) was performed to measure the sandstone digsohatesbased on variations of Si
concentration as a function of time. Our experirabptessures (25-30 MPa) are similar
to the pressure of the target formation studiethbyBig Sky Carbon Sequestration
Partnership (~26 MPa), but the experimental tentperas higher (200C) than that of
the Big Sky study (~98C). Our pressure and temperature conditions argamble
with those in Kuszuba et al. (2003; 2005) (20 MRd 200 C). Gunter et al. (1997) also
used higher temperature (£@ than that of the corresponding aquifer’G}because
reaction rates at 54 were apparently insufficient to produce obsemabhctions.
Indeed, the higher temperature is justifiable bsed() it accelerates the reactions to
measurable rates in and (2) it expedites the slggnetic processes to the controllable
time scales in the laboratory, considering the teedes of performance assessments are
usually on the order of thousands of years or lo(&ldenborg and van der Meer,

2002).
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The use of KCI solutions in our experiments dods@poresent realistic reservoir
conditions, but accelerates possible smectitdit® donversion, which could have severe
effects on permeability (see below). In using KiG$tead of NaCl or Na-Ca-Cl solutions,
we also assume that reaction mechanisms for gildiasolution and precipitation
reactions are unaffected by variations in backgiaoiutions. However, KCl may result
in faster plagioclase dissolution and slower K$plar dissolution than the use of NaCl.
The effects of solution chemistry on saturatioriaed were taken into account in the

speciation-solubility modeling.

Experimental apparatus for batch experiments.The prepared sandstone
particles were placed in a flexible Au reaction vaeth detachable Ti closure, which was
placed in a steel-alloy autoclave (Seyfried etl®87). This arrangement allows easy
access to the reactants at the end of the expdriMere importantly, the flexible cell
permits on-line sampling of the aqueous phaserataat temperature and pressure
simply by adding water, in an amount equivalertheosampled fluid, to the region
surrounding the reaction cell. These experimerdtd dre generally superior to those
derived from samples collected after the react@saoled down because backward
reactions may occur during cooling. The experimesisg the flexible cell system were

conducted at 200 °C and 30 MPa.

Experimental apparatus for mixed flow experiment.The mixed flow
dissolution experiment of the Navajo Sandstonepesformed using a hydrothermal
flow system. A fixed volume (~100 ml) Ti reactortige central unit of the flow system.
It connects to a high-pressure fluid delivery sys{&himadzu 10A HPLC pump) that

keeps the rate of fluid flow at pre-selected valUdg outlet side of the reactor is

228



connected to a computer-controlled regulating véhee serves to maintain the total

pressure at fixed values. Temperature controlasiged by a series of Watlow band
heaters external to the Ti reactor. The reactalsis equipped with a magnetic stirrer
(Parr Instrument, A1120HC), which allows reactdaatsemain suspended in the fluid

during the experiment.

Experimental methods.Reddish Navajo Sandstones were collected fromkBlac
Mesa, Arizona. The major mineral component of Na\&gndstone is quartz, with ~2%
feldspars (Dulaney, 1989; Harshbarger et al., 196@; 2005). A sandstone sample
(MSE 136.5-137) was gently crushed with an agateanand pestle, and then dry-
sieved. The fraction between 50 and L@®was used directly for hydrothermal
experiments. To test the stability of clay coatingder disturbance by mechanized force,
the sonication method was employed. Ten g of thdstane fractions and 150 ml
deionized water were placed into a 200-ml polyethglbottle and ultrasonic-cleaned
with a sonic probe 5 times, for 10 min per treattin€he bottle was cooled in a water
bath to during ultrasonication. The supernatantasigosed of and the remaining solid
was freeze-dried.

KCI solutions were made from analytical grade cloatsi purchased from Fisher
Scientific. Initial pH was adjusted through titatiof HCI solutions.

Analytical methods. Fluid samples were taken from the reactor at regula
intervals and analyzed for all major and some mdissolved constituents. Dissolved
cations wereanalyzed by inductively coupled plasmas spectrometry (ICP-MS) while

anions were analyzed by ion chromatography (ICacdgets and products were
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characterized with X-ray diffraction (XRD, for pleasientification) and SEM (for phase
relationships and surface morphology).

Samples were analyzed on a ThermoElemental PQ Eafgehn ICP quadrupole
mass spectrometer with a simultaneous analog asd paunting detector. All elements
were measured on the most appropriate mass byhopging with dwell times of
approximately 35 ms per mass and 25-50 mass sweepsplicate. For each sample,
standard, and blank, this set of sweeps was répticatimes to determine a mean and
standard deviation for each selected elemental.tadbration was accomplished by
comparing a NIST traceable single- or multi-elenstahdard solution to the unknowns.
All blanks, standards, and samples are acid-matatched to reduce matrix and
polyatomic overlap effects and are diluted such ¢élement concentrations are in the
linear working range of the standard and deteaorlznation. Calibration blocks consist
of a blank, standard, and up to 5 unknown sample®xternal drift correction is applied
between calibration blocks to compensate for imsémnt signal drift. Internal standard
elements (Sc, Rh, In) are added on occasion ttedisamples to further compensate for
drift and for matrix effects when widely varying joeelement concentrations are
expected. On each day, before acquiring data,exietcross calibration is performed
between the analog and pulse counting detectgmotade a working linear range of >6
orders of magnitude if the appropriate solutiomd¢ads are used. All blanks, standards,
and samples must be in agueous solution and arezat and introduced to the
instrument by a free aspiration rate of approxityatem!l/min into a standard Meinhardt

nebulizer. The probe and all sample introductidmrg are made of Teflon and are
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flushed for a minimum of 65 s with clean matrixcato prevent carryover between
samples.

lon chromatography analysis was performed with@Bx IC25 lon
chromatograph with an LC25 Chromatography ovenaamAS14H column and Atlas
suppressor supplied by Dionex. The samples welgzathwithin 7 d after sampling,
and were kept refrigerated t&@ until analysis. A seven-ion standard was used to
calibrate the instrument and was run intermittetdlynonitor the instrument throughout
the analysis. Standard deviations are reportethéoseven-ion standard data.

XRD analyses were carried out using a Bruker D8akde diffractometer,
equipped with a Cu anode at 20 kV and 5 mA, and wiSolX energy-dispersive
detector. The scan parameters used were 2 to7@ith a step size of 0.0292The
sample preparation method is called “slurry mouREaction products were immersed in
a 20 ml deionized water in a plastic vessel (2%ohlime) and ultrasonicated three times
for 15 min per treatment with 15-min breaks. Aftee final ultrasonication, the samples
were allowed to settle overnight. Then, the sudper(glay with water) was carefully
pipetted out, mounted onto a zero background qyate and air-dried. The mount-dry
cycle was repeated to ensure enough material f@ XRalysis.

SEM is conducted with a Quanta 400 Field Emissian G-EG). The equipped
Energy Dispersive X-ray Spectrometer (EDS) systaman EDAX thin window and
CDU LEAP detector. The low-energy X-ray detectiathvFEG provided high spatial

resolution for microanalysis down to ~0.1 rhumder optimum conditions.
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3. RESULTS AND DISCUSSION

Navajo Sandstone before hydrothermal reactiondetailed studies of untreated
Navajo Sandstone were described in Zhu et al. (ROOR®D analysis of the bulk Navajo
Sandstone showed ~ 90% by weight quartz, with manoounts of K-feldspar and
smectite, and trace amounts of kaolinite and fihiea (Zhu et al., 2006). Feldspar grains
are covered with an inner layer of kaolinite andbater layer of smectite (Zhu et al.,
2006). Smectite coatings occur not only on feldgpams but also on quartz and Fe-Ti
oxides (Zhu et al., 2006). X-ray diffraction resutbnfirmed Zhu et al.’s (2006) findings
that the clay coating on the Navajo Sandstone isljneomposed of smectite and
kaolinite (Fig. 1).

Figure 2 shows SEM microphotographs of the NavajodStone after
ultrasonication. The smectite coating is largelyoged (Fig. 2). However, the kaolinite
coating persists on K-feldspar surfaces (Figs.tb2x). The easy removal of smectite
from its original place presents an important coma@a reservoir quality and injectivity:
whether chemical reactions induced by@@ection will mobilize the smectite and
cause pore throat clogging.

Batch experiment 1: Navajo Sandstone dissolution in C&mpregnanted
brine. The first Navajo Sandstone dissolution experimgat batch experiment at 200
°C, 30 MPa, and pH 4.1 (measured af@p Four g of Navajo Sandstone were reacted
with 40 g 200 mmol/kg KClI solution in the presen¢20 mmol/kg CQ (aq). X-ray
diffraction results (Fig. 1) indicate that our ekpeent produced secondary clay minerals
after 552 h of reaction. Hydrothermal reactionsttethe illitization of smectite minerals

(Fig. 1). The peak at 1.1-1.2 nm is illite/smectitigization of smectite has been widely
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documented by XRD studies and continues to dravatteation of researchers all over
the world. From the time of the pioneering studyoiver et al. (1976), there has been
general agreement that illitization of smectitedires interstratified intermediates, with
the proportion of illite in mixed-layer illite/sméte increasing as a function of increasing
temperature, time and burial depth of basin sedisn@auluz et al., 2002; Cuadros and
Linares, 1996). Kaolinite and allophane were atamiified (Fig. 1). While kaolinite was
present before the experiment, allophane was npfelyipitated as a reaction product in
the experiment. Allophane (8,05 « 3H,0) is a poorly crystallized hydrous aluminum
silicate clay mineral and has a composition sinmiekaolinite (AbSi,Os(OH)s).
Rhombohedra-shaped carbonate grains were occdgitmald on quartz particles (Fig.
3f). However, there are not sufficient quantiti€sarbonate minerals to be successfully
identified with XRD.

SEM images show the morphology charigbeosandstone during the course of
the experiment. The reacted sandstone displaysmsedof fluid-rock interactions,
similar to that observed in Kaszuba et al. (20@&5). Increased Si concentrations
through time suggest silicate dissolution (Tabénd Fig. 4a), although dissolution
features on sandstones are not evident. Abundayaherals adhered to quartz and K-
feldspars after the reaction and commonly filledbodged the pores. Product minerals
observed with SEM were consistent with XRD resiNiswly formed allophane
aggregates filled the voids in sandstone grairg Fa and 3c). These allophanes were
poorly crystallized. XRD (Fig. 1) and SEM with Xyranicroanalysis (SEM/EDS)
analysis (Fig. 3d) confirm the identity of allopleaiSEM observations confirmed the

illitization of smectite. The morphologies rangednh the typical "corn-flake," "maple
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leaf," or "honeycomb" habit of smectite to the tadiplaty or scalloped (with curled
points) habit of illite, as described by Kellerabt (1986). The elongated fabric of the
platy or ribbon-like illite/smectite is shown indgsi. 3a-3g. This morphology of
illite/smectite has also been observed in Kellexl §1986), Nadeau (1998), Nadeau et al.
(2002), and Celik et al. (1999). lllite, as intemeo ribbons, is intimately associated with
the smectite (Fig. 3g). The smectite and kaoliodtatings persisted on the K-feldspar
grains, indicating that the chemical reactionsritiremove the coatings (Fig. 3 h-j).
The solution chemistry results are presented inéBaband 2 and Fig. 4a. During
the experiment run, dissolved Knd Cl concentrations remained relatively constant
(Table 1). Dissolved Signcreased, reaching 2.20 mmol/kg by the end oéempent.
The smectite-to-illite conversion generally consarid€ and releases Si@Cuadros and
Linares, 1996). This conversion is likely to beoarge of increased SyOAnother source
of SiQ; is dissolution of feldspars. Saturation index gktions indicate that the solution
was undersaturated with respect to albite and lit®during the entire course of the
reaction (see below), suggesting the dissolutigolagjioclase. The dissolved
concentrations of Mg and C&" also increased with time (Fig. 4a). There was anly
slight decrease in dissolved €€bncentration during the experiment (which suggtst
formation of carbonates) while pH values increadedly with reaction progress (Fig.
4a). Generally, the dissolved concentrations oftmosor and trace elements
approached steady-state values within the firgt §Bable 2). Trace element analysis
shows that toxic metals (Cu, Zn, and Ba) were sgldaKaszuba et al. (2005) also noted

the mobilization of trace elements in their Z&é@aring hydrothermal experiments.
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Fig. 1. X-ray diffraction patterns of the clay ftimn in Navajo Sandstone before (grey
line) and after reaction with GEmprenanted brine (black line). Before reactioa thay
fraction is mainly composed of smectite (with tB8X) reflection between 1.4-1.5 nm)
and kaolinite (K, ICDD: 14-164). The clays of tleacted sandstone show an (001)
reflection of 1.1-1.2 nm (illite/smectite), suggegtillitization of smectite due to
hydrothermal reactions. Kaolinite and allophaneensdso identified. “I” Illite (ICDD:
29-1496), “A” Allophane (ICDD: 38-499), “I/S” lll#/Smectite.
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Fig.2. (a) A K-feldspar particle image after ulmagation with a sonic probe. The K-
feldspar is rounded with pitted surface topografhhe identification of K-feldspar was
confirmed by EDS; (b) Enlargement of one of thdngiits outlined by the black box in
(a), showing dissolution features. A kaolinite aogts visible to the right of the etch-pit;
(c) Enlarged view of the kaolinite coating. The lkaite is euhedral to semi-euhedral
hexagonal platelets, with a size of ~ (rB. These platelets are aggregated and well-
oriented, but do not form a continuous cover. Tagabplane always faces the feldspar
surface; (d) A typical quartz particle after theagonication treatment and before the
dissolution experiment. The surface of the quartzated with incipient quartz
overgrowth; (e) High resolution view of an arealioed by the black box in (d), showing
incipient quartz overgrowth.
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HvV WD  |Pressure| 11/3/2006
15.0 kV|8858x|LFD|19.5 mm| 70.0 Pa | 1:25:08 PM

‘Ma‘g Det WD  |Pressure 8 i} Pressure
15.0 kV | 2868x 20.0 mm| - 30:40 AM 15.0 kV17601x ETD|20.0 mm| -

Fig.3.(a) SEM microphotograph shows a rib-like secondary mineral bridging tv
quartz particles and aggregated secondary minitalg the pore between the qual
particles; (b) Enlarged view of the platy, flakyceadary mineral (approximatelyun
wide) shown in (a) with slightly scalloped, curled edgékis morphology looks simile
to the reference illite shown in Keller et al. (698lt is likely to be illite/smectite, wit
the chemical composition close to the illite endwber; (c) Enlarged view ohe
aggregated secondary mineral. Pc-crystallized allophane partly fills pores. Alloplee
has not been observed in the sandstone reactatit@nd newly formed; (d) ED
analysis yielding nearly equal peak heights ofrii Al suggests the mineralse
probably allophane. The weak signal of C is likeym carbon coating; (e) SE
microphotograph shows the smooth, flaky secondangral filling the pore and bridgin
two quartz particles. Similar morphology of illisgectite was also shown in Kellet al.
(1986), Nadeau (1998), Nadeau et al. (2002), arii#t €eal. (1999); (f) SEN
microphotograph shows rhombohe-shaped secondary minerals (indicated by b
arrows), approximately iim in size. These minerals are likely to be carbem
However, itwas difficult to confirm with EDS due to their srhaize. The flaky
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secondary mineral (approximately8 wide) to the left is illite/smectite; () SEM
microphotograph shows secondary minerals on azjgarface. The smooth, flaky
secondary minerals (marked as “1” and “2") aréglmectite. The interwoven ribbons
feature is a typical morphology of illite (markesl‘@”). The length of a single ribbon is
about 2um. The existence of illite was confirmed by XRDd#ie 1); (h) SEM
microphotograph shows a K-feldspar particle aaction. A massive, webby smectite
aggregate covers the right-hand part of the K-fedds(i) Enlarged view of an area
outlined by the box in (h). Well-developed, higlelgnulated smecite formed a thin,
webby crust. The webby morphology is a common atysbit of smectite. The
morphology of the webby smectite is similar to thlabwn in Zhu et al. (2006), but it is
much denser; (j) SEM microphotograph shows poliedilkaolinite on a K-feldspar
particle. The kaolinite particles are semi-euheglatelets. These platelets are aggregated
and well-oriented, but do not form a continuousezo\rhe basal plane always faces the
feldspar surface.
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Experiment #1; (b) Experiment #2; (c) Experiment #3
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Table 1. Time-dependent changes in the composifiomajor dissolved species in GO
bearing aqueous fluid coexisting with Navajo Samastat 200C and 30 MPa from
Experiment#1. The overall analytical error for dised species is +5%.
SampleTime K* Si0, AI°* Na° Mg Ca&® CI' SO~ CO(aq) pH
(h) (mmol/kg) 25C In-situ*
starting O 197 - - 017 - - 201 0.04 203 41 4.4
#1 48 195 0.890.01 0.26 0.09 0.29 193 0.16 19.2 4.7 5.2
#2 144 190 1.700.01 0.08 0.11 0.26 198 0.05 19.7 4.8 5.4
#3 336 193 2.03.10 0.14 0.17 0.34 192 - 19.5 4.9 5.3
#4 552 200 2.200.02 0.05 0.19 0.33 194 0.18 196 4.9 5.6

In-situ pH is calculated from distribution of aquespecies calculations at the
temperature and pressure of the experiment usimgfrants imposed by major element
concentrations and pH values measured % 25

Table 2. Time-dependent changes in the composifiominor and trace dissolved
species in C@bearing aqueous fluid coexisting with Navajo Samas at 200C and 30
MPa from Experiment#1. The overall analytical efmrconcentration measurements is
+5%.

Sample Tme Li Cr Fe Mn Co Ni Cu Zn Rb Sr Cs Ba

(h) (Ppm)

Starting 0 - - - - - - 0.100.24 0.29 0.01 0.01 0.01
#1 48 - - 1.700.09 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 - 0.67 012 - 0.18 0.09 0.17 0.32 0.35 0.02 0.24
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The measured fluid chemistry and pH, when consttlalengside aqueous
speciation distribution, and taking explicit accbahmass balance, mass action and
charge balance constraints, together with conssraimposed by the revised HKF
equation of state (Johnson et al., 1992; Shocls;1980ck and Helgeson, 1988; Shock et
al., 1989; Shock et al., 1992; Shock et al., 198&)mit calculation of ion activities of
dissolved species. Speciation-solubility calculaiavere facilitated with the
geochemical modeling code PHREEQC (Parkhurst amelgp 1999). Thermodynamic
data used in the speciation-solubility calculatiarslisted in Table 3.

Mineral saturation index (Sl) calculations (Tabjeshow that the solution was
supersaturated with respect to microcline and wadlerated with respect to albite during
the entire course of the reaction; the solutiomged from undersaturated (144 h) to
supersaturated (336 h) back to undersaturatedhpd@h respect to anorthite; the
solution was supersaturated with respect to cadeitbmagnesite and slightly
undersaturated with respect to quartz. S| cal@natindicate that the formation of
carbonate minerals (e.g., calcite and magnesitetmexmodynamically favored. As for
the clay minerals, the solution was supersatunatddrespect to kaolinite and illite
during the entire course of the reaction and chéfigen undersaturated to
supersaturated with respect to beidellite-K (anotyyge of smectite) and

montmorillonite-K (a type of smectite) at 144 h 8886 h, respectively.
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Table 3. Thermodynamic data used in this repoltutated with the computer code of

SUPCRT92 (Johnson et al., 1992).

Agqueous reactions logK logK logK Ref

25°C,0.1 | 20CC, 30 200°C, 25

MPa MPa MPa

H,O = OH + H* -13.995 -11.163 -11.183 1)
H,O + Al = AIOH" + H' -4.964 -1.446 -1.438 2
2H,0 + Al"® = AI(OH)," + 2H' -10.921 -3.630 -3.614 ®)
3H,0 + Al"® = Al(OH)s° + 3H' -17.044 -7.301 -7.281 2
4H,0 + AlI"® = Al(OH), + 4H' -22.851 -11.572 -11.557 2
Na* + 4H0 + Al*® = NaAl(OH)® + 4H" -22.9 -10.748 -10.724 ®)
Si0; + 2H,0 + Al*® = AlH,SIO, " + H' -2.357 1.86 1.858 2
Na" + H,O = NaOH + H’ -14.205 -11.087 -11.095 3)
Na’ + CI = NaCP -0.777 0.019 .031 (4)
K* + CI = KCI° 0.456 0.464 (5)
H* + CI = HCP -0.710 -0.15 -0.15 (6)
K"+ H,0 = KOH + H' -14.439 -10.939 -10.946 3)
Na" + HCO, = NaHCQ 0.1541 -1.213 ()]
Na" + HCO, = NaCQ + H' -9.8144 -12.632 (@)
K"+ HCQy = KHCO; 0.1541 -1.213 (8)
K"+ HCOy =KCOs + H' -9.8144 -12.632 8)
Cl + Cd? = caCt -0.292 1.146 1.159 4)
2CI + Cd? = CaC}° -0.644 0.672 0.700 (4)
H,O + Cd?= CaOH + H' -12.833 -7.961 -7.956 3)
Ca?+ HCO; = CaCQ” + H' -7.002 -5.05 3)
Ca? + HCOy = Ca(HCQ)" 1.047 2.305 4)
HCO; + H = CO° + H,0 6.345 7.067 (3)
CO;%+ H = HCOy 10.329 10.298 3)
NH:® + H" = NH,* 9.241 5.825 (3)
Mg*? + HCO; = MgHCQ;* 1.036 2.288 9)
Mg*? + HCO; = MgCO; + H' -7.35 -5.92 4)
Ca?+SQ?=CaSQ 2.111 3.291 3.313 ?3)
Mg*? + CI = MgCIl -0.135 0.911 .924 4)
Mg*? + H,O = Mg(OHY + H" -11.682 -7.424 -7.419 4
H* + SQ? = HSQy 1.979 4.350 4.369 4)
K. + SQ? = KSQOf 0.88 1.854 1.864 (4)
K"+ HSQ = KHSQ, -3.474 -1.366 -1.355 4)
Mg* + SQ? = MgSQ 2.23 3.383 3.408 (4)
Na* + SQ? = NaSQ' 0.7 1.666 1.683 (4)
Si0; + H,0 = HSIQy + H' -9.585 -8.707 -8.728 4)
SiO; + H,O + Na = NaHSIQ® + H' -7.754 -7.767 -7.775 (4)
Mineral reactions
KAISisOg (microcline) + 4H = AI*® + K™ + 2H,0 + 3SiQ(aq) -1.050 -3.923 -3.975 (10)
NaAlSi;Os (albite) +4H = Al™® + N& + 2H,0 + 3SiQ(aq) 2.065 -2.508 -2.561 | (10)
CaALSi,Og (anorthite) + 8H = Ca? + 2AI"® + 2SiQ(aq) + 4HO 23.68 4.042 3.954 (10)
AlO,H (diaspore) +3H= Al*® + 2H,0 7.191 0.02 -05 (10)
AlO,H (boehmite) +3H = Al*® + 2H,0 7.595 0.242 0.217 1)
CaCQ (calcite) + H = Cd? + HCOy 1.816 -0.438 (10)
MgCO; (magnesite) + H= Mg*? + HCOy 2.29 -1.066 (10)
NaAICO,(OH), (dawsonite) + 3H= Al** + HCOy + Na +2H,0 4.3464 -0.4756 -0.4756 12)
CaMg(CQ); (dolomite) + 2H = C&*+ Mg+ 2HCQ; 3.240 -2.018 (10)
SiO; (quartz) = SiQ(aq) -4.047 -2.424 -2.431 | (10)
COx(g) = CQ° -1.473 -2.132 (10)
Al,Si,O5(OH), (kaolinite) + 6H = 2AI"® + 2SiQ(aq) + 5HO 4.501 -5.354 -5.415 (10)
KAI 3Si501¢(OH), (muscovite) + 10H= K* + 3AI"® + 3SiQ(aq) + 6HO 11.22 -5.407 -5.506 | (10)
NaAl;Siz0:(OH), (paragonite) + 10H= Na' + 3AI*® + 3SiQ(aq) + 6HO 14.397 -3.753 -3.852 | (10)
Al,Si,01(OH),(pyrophyllite) + 6H = 2AI"* + 4H,0 + 4SiQ(aq) -1.724 -9.733 -9.809 (10)
Ko.Mgo.25Al 2 5Si3 6010(OH) (illite) + 8H™ = 0.25Mg? + 0.6K" + 2.3AI° + 9.0260 -4.6120 -4.6120 (13)
3.5SiQ(aq)+ 5HO
Ko.39Al 235513 6:010(OH)z(beidellite-K) +7.32H = 0.33K + 2.33Al° + 3.67 5.252 -6.559 -6.644 (10)
SiOy(aq) + 4.66HO
Ko.33Vgo 33Al 1.6:514010(OH)(montmorillonite-K) +6H = 0.33Mg? + 0.33K 2.102 -5.766 -5.839 (10)

+ 1.67AI® + 4H,0 + 4SiQ(aq)

(1) Haar et al.(1984); (2) Tagirov and Schott (2003) Shock et al. (1997); (4) Sverjensky et 2897);
(5) Ho et al., (2000); (6) McCollom and Shock (1R97)Wagman et al. (1982), 260G, P.,; (8) Assumed

log K as same as Na species; (9) Shock and Kor¢t€85b); (10) Holland and Powell (1998); (11)
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Hemingway et al. (1991) for boehmite; (12) Robid &emingway (1995), 20T, R,; (13) Wolery
(1978), 200°C, Psy

Table 4. Saturation indices calculation for expemt1.

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 -051 -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
lllite 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

The calculated Slis discussed above are sensitihe toncertainties of standard
state thermodynamic properties used in the caloaktZhu and Lu (2009) used
different sets of thermodynamic property datab&sewaluate the uncertainties on
calculated Sl values for silicate minerals from fisldspar-water batch experiments. They
found a discrepancy of a few Sl units. The thernmadtyic properties for aluminosilicate
minerals used in this study are from Holland and/élo(1998). The calculated Sl values
are relatively higher than those calculated froheothermodynamic datasets (Zhu and

Lu, 2009).
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Batch experiment 2: Navajo Sandstone dissolution in acidic brinéd.he second
Navajo Sandstone dissolution experiment is a betpleriment at 208C and 30 MPa
without the presence of GQaq). Four g of Navajo Sandstone are reacted4atg 200
mmol/kg KClI solution at pH 2.8 (2%C). The pH values of the G&aturated brines
under injection conditions (salinity, temperatwaad pressure) are likely in the 2-3 range
(Schaef and McGrail, 2004). Therefore, the lower(pi8 at 25°C) used in this
experiment is appropriate to simulate the extemeéattions in the field. Dissolved GO
likely acts to acidify the brine and provide a aarlsource for carbonate minerals (Brady
and Carroll, 1994; Brantley, 2008; Giammar et2005; Knauss et al., 1993; Stephens
and Hering, 2004). Considering this, experiment#2 be regarded as an analog for an
aquifer system with substantial @@jection and can be compared with the system of
experiment #1 (an analog of an aquifer system loitler injection levels). The
comparison of experiment #1 and #2 is shown ind &bl

The solution chemistry results are presented ineBaband 7 and Fig. 4b. During
the experiment, dissolved Kand Cl concentrations remained relatively constant (Table
5). Dissolved Si@continuously increased, reaching 4.93 mmol/kgdét 6 and then
approaching steady-state. The sandstone dissoluel faster in this experiment than in
Experiment #1 because the initial pH of experin#h(2.8 at 25C) is much lower than
that of experiment #1 (4.1 at 26). The release of SiQvas possibly due both to
dissolution of feldspars (albite, plagioclase, andrthite; see SlI calculations below) and
to the conversion of smectite to illite. Dissolv&id* reached a maximum value of 0.14
mmol/kg at 24 h and decreased thereafter. Theldesooncentrations of Mgand C&"

also increased with time (Fig. 4b). pH values iasesl rapidly with reaction progress
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during the first 360 h and remained almost congslanhg the rest of the experiment
(Fig. 4b). Generally, the dissolved concentratiohsiost minor and trace elements
approached steady-state values within the firgt ZBable 6).

SEM images show that after reaction with acidiaérithe dissolution features are
much more intensive than in experiment #1, owinth&lower pH and longer
experiment duration (Table 7). Although the surfatK-feldspar grains used as starting
material have some rounded and angular pits (f)g.tRBose observed on K-feldspar after
reaction were more numerous and deep (Fig. 5h ansboBnetimes with dissolution
features in the pits (Fig. 5i). The developmendisgolution features (pits, steps and
channels) shows that the dissolution was heteragsn@.g., Fig. 5e-i). The smectite
coatings remained, indicating that the chemicattreas did not remove coatings (Fig.
5a). Abundant clay minerals adhered to quartz afeldSpars after the reaction and
stretched across pores and open fractures. Thetlspfiady illite/smectite filled the pore
and bridged particles (e.g., Figs. 5¢c and 5djell&s interwoven ribbons, displayed
intergrowth with the smectite (Fig. 5b).

Mineral Sl calculations (Table 8) show that theuioh was supersaturated with
respect to microcline after 24 h (the first sampdeld saturation increased greatly from
168 h to the end of the experiment. The solutios wadersaturated with respect to albite
during the entire course of the reaction; the smhuthanged from undersaturated (24 h)
to slightly supersaturated (168 h) with respedcrtorthite; the solution was
supersaturated with respect to boehmite, muscqaragonite and pyrophyllite; and

slightly undersaturated (before 24 h) to superastdrwith respect to quartz (168 h). As
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for the clay minerals, the solution was supersgtdravith respect to kaolinite, illite,
beidellite-K and montmorillonite-K during the emticourse of the reaction.

When integrating the solution chemistry data, $tudations, and SEM
observations, it appears that the dissolution featan K-feldspar were associated with
dissolution produced before the first sample ahZfihe starting solution had KCI and
HCI, but no Si or Al. Therefore, the starting s@atmust have been undersaturated with
respect to K-feldspar and K-feldspar must have fieen dissolved. With accumulation
of Si and Al in the solution, K-feldspar becameexgpturated later. The solution
chemistry data (Table 6) showed a large increas&®@ffrom ~0.0 mmol/L at O h to
1.63 mmol/L at 24 h. The solution chemistry alsoveb a large increase of Si®om 24
to 168 h. One could argue that the Sl value of @5®nicrocline at 24 h was a
calculational artifact as microcline was used psoay for K-feldspar in modeling (no
thermodynamic data are available for K-feldspahenHolland and Powell database).
The 0.59 Sl value could also be an artifact ofttheertainties of thermodynamic

properties discussed earlier in this paper anchinahd Lu (2009).
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Table 5. Comparison of batch experiments (#1 and #2

Experiments

Conditions

Solution chemistry

Morplagylo

#1 200°C, 30 MPa, Si: 0-2.2 mmol/kg. | Dissolution features not
pH 4.1 (at 25C), pH (in-situ): 4.4-5.6.| evident; abundant clay
0.2 mol/kg KCl, CO,(aq): 20.3-19.6 | minerals (e.g., pore-filing
0.02 mol/kg CQ mmol/kg. allophane, flaky
(aq), illite/semctite); illitization of

duration 552 h

semectite; small amount of
carbonate minerals under
SEM

#2 200°C, 30 MPa, Si: 0-4.49 mmol/kg.| Intensive dissolution
pH 2.8 (at 25C), pH (in-situ): 2.9-4.2, features (e.g. etch pits on K
0.2 mol/kg KCl, feldspar); clay minerals

duration 1392 h

(e.g., flaky illite/semctite);
illitization of semectite; no
carbonate minerals
observed.

Table 6. Time-dependent changes in the composifiomajor dissolved species in
aqueous fluid coexisting with Navajo Sandstoned@°Z and 30 MPa from
Experiment#2. The overall analytical error for dised species is +5%.

Sample Time K SiO, AI” Na Mg~ Ca&" CI pH
(h) (mmol/kg) 25C In-situ*
starting O 204 - - 0.11 - - 188 2.8 2.9
#1 24 197 163 014 142 077 115 185 3.6 3.4
#2 168 200 4.00 0.03 014 103 117 183 4.6 4.1
#3 360 193 455 0.02 0.21 101 120 202 49 4.3
#4 696 209 493 0.02 030 136 128 201 50 4.3
#5 1392 199 449 0.02 024 086 1.09 199 51 4.2

*In-situ pH is calculated from distribution of aques species calculations at the

temperature and pressure of the experiment usimgtreants imposed by major element

concentrations and pH values measured % .25
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Table 7. Time-dependent changes in the composifiominor and trace dissolved
species in aqueous fluid coexisting with Navajod3émne at 200C and 30 MPa
from Experiment#2. The overall analytical error é@ncentration measurements is

+5%.
Sample Li Cr Fe Mn Co Ni Cu Zn Rb Sr GCs Ba
(ppm)

Starting - - - - - - - 0.040.12 0.01 0.01 0.04
#1 - - 157 0.94 - - 6.07 0.52 0.12 0.54 0.01 041
#2 - - 010075 - 0.09 0.10 0.20 0.13 0.54 0.01 0.30
#3 0.10 - 012037 0.02 0.21 0.14 0.06 0.14 0.53 0.01 0.30
#4 - - 034 028 - - 0.11 0.05 0.18 0.56 0.02 0.45
#5 0.24 - 027028 - - 0.2 0.32 0.15 0.55 0.01 0.35

Table 8. Saturation indices calculation for expemt2.
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
lllite 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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Fig. 5. (&) SEM microphotograph shows secondaryeris on a quartz surface after
experiment #2. The cornflake-shaped smectiteseatipiper part have a similar
morphology to those in Zhu et al. (2006). Thesectites possibly existed before the
dissolution experiment. However, the smooth, fldlkkg/smectite at the lower part is
much larger and is possibly formed during the diggm experiment. (b) SEM
microphotograph shows secondary minerals on angtheetz surface. The secondary
minerals are likely to be illite (ribbons) intergro with smectite, which suggests the
progressive illitization of smectite; (c) SEM miplmtograph shows secondary minerals
(illite/smectite) filling the pore and bridging twpartz particles. Some smooth, flaky
illite/smectite minerals are visible (indicated d&ryows). These minerals are also likely to
be newly formed; (d) Enlarged view of an area aetli by the black box in (c), showing
one of the particle-bridging secondary mineralse $mooth, flaky mineral (~pm) is
illite/smectite; (e) SEM microphotograph shows digton features on a K-feldspar
particle; (f) SEM microphotograph shows dissolutieatures on a K-feldspar particle;
(9) Close-up of dissolution features on the K-fplsparticle showed in (f). The feldspar
has angular and prismatic features at the micrale sPissolution steps are visible along
the c-axis of the cleavages and dissolution charalehg the b-axis of the cleavages; (h)
SEM microphotograph shows the surface morphologyiifeldspar particle after
reaction; (i) Enlarged view of an area outlinediy black box in Fig. 5h, showing an
etch pit.
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Mixed flow experiment: Navajo Sandstone dissolution in acidic brineThe
third Navajo Sandstone dissolution experiment wamxad flow experiment at 20
and 25 MPa. Five g of Navajo Sandstone were reagted?200 mmol/kg KCI fluid. The
KCI fluid was acidified to pH 3.9 before the expeent at ambient temperature and
pressure by addition of dilute HCI. The rate ofdlinput was kept at 0.82 ml/min for the
whole experiment of 23.5 h. The results are preskint Table 9. During the experiment,
dissolved K and Cl concentrations remained relatively constant (Tataed Fig. 4c).
The dissolved concentrations of Si and Mg approdisheady-state values within the first

4 h (Fig. 4c). pH values remained essentially Hmaeswith reaction progress (Fig. 4c).

SEM images show that after dissolution in a flowetlgh reactor, the dissolution
features were less intensive than those in expati#tand #2. The K-feldspar grains
partially preserved the “three layer onion” struetof unreacted sandstones (see Fig. 6).
Newly formed smectite/illite, observed in the protfuof experiment #1 and #2 are also
found (e.g., Figs. 6b, 6¢, 6e, and 6f).

The Al concentrations are under the detection liBgturation states for
aluminosilicates are thus unknown. The solutiosis® undersaturated with respect to
quartz (Table 10).

Dissolution rates of Navajo Sandstone per mole @fe®e calculated according to

the following formula based on time-series Si conaions:

 (Cou)(9)(10°5)
"= oA

whereC,, is the output concentration of Si in mgi, is the input flow rate in ml/g) is

the stoichiometric coefficient of Si (set to 1)dahis the total surface area irfiThe

average dissolution rate is 6.85 *¥@nol m?s* as per mole of Si (Table 11).
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Fig. 6. () SEM microphotograph shows the quartiasa after reaction. Secondary
minerals (possibly illite) are visible; (b) Enlatheiew of upper right corner of (a). The
large smooth, flaky smectite/illite is possiblyrdwed during the dissolution experiment;
(c) SEM microphotograph shows the quartz surfatss #ie hydrothermal experiment.
Similar to Fig. 4a, the corn-flake-shaped smecititeébe upper part have a similar
morphology to those in Zhu et al. (2006). Thesedites possibly existed before the
hydrothermal reaction. However, the smooth, flakyestite/illite at the lower part is
much larger than authigenic smectite in the ceuiténe image and possibly formed
during the dissolution experiment; (d) SEM microfggpaph shows the “three layer
onion” described in Zhu et al. (2006). The graiKifeldspar, coated with a layer of
kaolinite. Smectite in turn covers kaolinite; (dpse-up of the smectite shown in (d). The
smooth, flaky, slightly crenulated smectite/illaethe lower part is much larger than
authigenic smectite shown in this image and isipfstormed during the dissolution
experiment; (f) The smooth, flaky illite/smectitéthvscalloped, curled edges is much
larger than the authigenic smectite shown in thizge and is possibly formed during the
dissolution experiment.

Table 9. Time-dependent changes in the compoifiomajor dissolved species in
aqueous fluid coexisting with Navajo sandstoned&°2 and 25 MPa from
Experiment#3. The overall analytical error for dised species is +5%.

SampleTime K* SiO, A®® Na Mg~ Ca  CI pH

(h) (mmol/kg) 25C In-situ*
# 05 196 002 - 022 001 0.02 201 52 52
#2 4 209 026 - 002 004 - 199 53 52
#3 13 207 024 - 005 0.03 001 197 53 5.2
#4 235 205 018 - 0.30 0.05 0.02 197 55 53

*In-situ pH is calculated from distribution of aques species calculations at the
temperature and pressure of the experiment usimgtreants imposed by major element
concentrations and pH values measured 4€25

Table 10. Saturation indices calculation for expent #3.

Minerals 05() 4 (h) 13(h) 235 (h)
Quartz 225 -114  -117  -1.30
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Table 11. Dissolution rates of Navajo Sandstortbérexperiment with mixed flow
reactor at 206C and 25 MPa. The total surface area of 5 gram jNa@amdstone is
assumed to be 3.5°nThe input flow rate is 0.82 ml/min.

Sample Dissolution Rate (molTsi")*
#1 7.81x10"
#2 1.02x10
#3 9.37x10"
#4 7.03x10°
Average 6.85x10"

* As per mole of Si

Fate of CO, and sandstone responses to G@njection. In experiment #1, the
CO; is mainly trapped in aqueous solution as carbosyaeies. Carbonate mineral
precipitation is observed with SEM, and supportgddiculated Sl values, but the
amount precipitated is small judging from the daseeof CQin solution chemistry data
and absence of Ghdicators in XRD patterns. This result is consisigith the
modeling results of Perry et al. (2007), which sgig that C®is trapped mainly by
solubility and that storage as free £ pore space for Navajo Sandstone and mineral
trapping is not significant. Gilfillan et al. (20pStudied nine natural gas fields in North
America, China and Europe, using noble gas andoadotope tracers. They found
solubility trapping in formation water is the doram CQ sink in natural gas fields.

The dissolution of silicates is likely to increge®osity, but permeability is
probably inversely affected by the formation ofyalainerals in pore throats. Open,
interconnected pores lined with ribbons of illitaésctite, coating grain surfaces and
bridging the pores between grains will create peiiligy barriers to fluid flow (e.g.,
Figs. 3a, 3b, 3c, 3e, 5¢, 5d, and 6f). Neasham/(1@&monstrated that this clay texture

severely reduces permeability without significamtffecting porosity. The potential
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reduction in reservoir permeability due to theadtiction clay fines in near well-bore
region is a serious concern in the oil industry eawl lead to a significant decline in
productivity (Emery and Robinson, 1993; McDowellyRo et al., 1986; Poesio and
Ooms, 2007).

Changes in ionic strength (salinity, pH, etc) maydify the balance between the
forces at the particle-grain interface and resufiarticle detachment (Cerda, 1987,
Khilar and Fogler, 1998; Kretzschmar et al., 1988idya and Fogler, 1990). This
phenomenon is called “water sensitivity” and theuttng decrease in hydraulic
conductivity is called “formation damage” (Baudract990; Khilar and Fogler, 1984;
Khilar et al., 1983; Kia et al., 1987; Mohan et 4B99; Ochi and Vernoux, 1998; Vaidya
and Fogler, 1990). During geological carbon segagsh, the injection of CoOmay
cause abrupt changes in solution chemistry (pHedeserand carbonation), possibly
resulting in the detachment of clay coatings. Haevein this study, there is no evidence
of clay coating detachment due to the addition ©$.C

Clay fines may also be released by mechanical f@giation, hydrodynamic,
high pressure, etc.). Once released the partiele®ither redeposit on the matrix, be
transported with flow, or get entrapped at porestactions, clogging pore throats
(Blume et al., 2002). During GOnjection, the highly pressurized @ill increase the
fluid velocity significantly near the well-bore rieg. Ramanchandran and Fogler (1999)
found that with increasing fluid velocity, the rateparticle-bridge formation increases.
Zhu et al. (2006) and this study found that thediteecoating in the Navajo Sandstone
is easily removed by sonification in the laborat@gsed on these findings, some clay

minerals are suspected to be mobile in the Navaj@§one. In addition, the newly
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formed allophane is loosely aggregated (Fig. 3a3andit is uncertain whether
mechanical forces near the injection well would itiod the smectite and allophane and
cause pore clogging. A study by Beresnev and Joh{i€i94) indicates that ultrasonic
irradiation of the near well-bore region can havegative effect on the permeability.
Thus, the mobility of smectite and allophane israportant concern for injection

operations.

4. CONCLUSIONS

The experimental system in this paper mimics l@emmtCQ interaction with a
sandstone aquifer. G@njection into deep saline aquifers in sedimenteayins
represents a huge potential for both,G@rage and sequestration. The large volume of
pore space available and long-term hydrodynampptre of CQ (Bachu et al., 1994)
are optimal conditions for storage; with the forimatof carbonate minerals (Kaszuba et
al., 2003; 2005), the GAvill be permanently trapped in the subsurface (htitcet al.,
1999). However, water-rock interactions bring utedety to this potential option as they
may either enhance (increase the porosity/permgall reduce (decrease the
permeability and injectivity) the potential of theservoir by the dissolution of primary
minerals, precipitation of secondary clay, and pgsgive evolution of clay. The
following conclusion can be made:

(1) Our experimental data show that the Navajo Stam@ will react strongly with
CO,-impregnated brine during G@njection and storage. The lower the pH, the more
severe the reactions are in our experiments, risgarthe CQconcentrations. Thus,

dissolved CQlikely acts to acidify the brine and provide alar source for carbonate
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minerals. With respect to GQolubility, the extent of reactions in the fieldwd likely
resemble our experiment with the most acidic bfiwperiment #2). Although our
experiments were conducted at a higher tempertitarethat in some field injection
projects in order to expedite observable changéseitaboratory (Gunter et al., 1997),
the longer time frame that Gdmpregantaed brine interacts with sandstone iratteal
injection case justifies the conclusions that grections will be significant and possibly
affect injectivity.

(2) Increase of dissolved Si@nd gradual increase of pH indicate that silicate
mineral dissolutions are dominant reactions. Anolikely source of SiQrelease is the
conversion of smectite to illite.

(3) The observed progressive illitization of smiectinerals in our experiments
was due to the high temperatures of our experim@06°C) and high K
concentrations, and will likely not occur in €@jection projects because of much lower
temperatures in the reservoirs (e.g., 300 KCI may result in faster plagioclase
dissolution and slower K-feldspar dissolution thia@ use of NaCl. However, the
observed allophane precipitation in our experimeatsoccur at the reservoir
temperatures. SEM images show that newly formegteagted, allophane-like phases
fill the pores, which is a concern for injectioneoatiors.

(4) The chemical reactions likely increase the pityaf the sandstone due to
silicate dissolution. However, permeability miglet teduced by the precipitation of pore-
filling allophane. The smectite coatings remairtloa sediment grains after the
experiments, indicating that chemical reactionsrmditiremove coatings. It is uncertain

whether the mechanical forces near the injectiohwaeuld mobilize the smectite and
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allophane and cause pore clogging. This mobilitgroéctite and allophane is an
important concern for injection operations.
(5) Trace amounts of toxic metals (e.g., Cu, Z, Ba) are mobilized, but at low

concentrations.

REFERENCES

Bachu, S., Gunter, W.D. and Perkins, E.H., 1994ii#q Disposal of C@-
Hydrodynamic and Mineral TrappinBnerg. Convers. Manage&5(4): 269-279.

Baudracco, J., 1990. Variations in permeability find particle migrations in
unconsolidated sandston&eothermics19(2): 213-221.

Bauluz, B., Peacor, D.R. and Ylagan, R.F., 200@n3mission electron microscopy
study of smectite illitization during hydrothernadteration of a rhyolitic hyaloclastite
from Ponza, ItalyClay. Clay. Miner,.50(2): 157-173.

Beresnev, I.A. and Johnson, P.A., 1994. Elasticeastimulation of oil production : a
review of methods and resulGeophysics59(6): 1000-1017.

Blume, T., Weisbrod, N. and Selker, J.S., 2002meability changes in layered
sediments: impact of particle releaGsound Water40(5): 466-474.

Brady, P.V. and Carroll, S.A., 1994. Direct Effeofs<CO, and Temperature on Silicate
Weathering - Possible Implications for Climate @ohtGeochim. Cosmochim. Acta
58(7): 1853-1856.

Brantley, S.L., 2008. Kinetics of Mineral Dissoluti In: S.L. Brantley, J.D. Kubicki and
A.F. White (Editors)Kinetics of Water-Rock Interactio®pringer, NewYork, pp.
151-196.

Celik, M., Karakaya, N. and Temel, A., 1999. Clayenals in hydrothermally altered
volcanic rocks, Eastern Pontides, Turkélay. Clay. Miner.47(6): 708-717.

Cerda, C.M., 1987. Mobilization of kaolinite finesporous-mediaColloid. Surface.
27(1-3): 219-241.

Crowley, T.J., 2000. Causes of climate change theepast 1000 yearScience
2895477): 270-277.

Cuadros, J. and Linares, J., 1996. Experimentetikistudy of the smectite-to-illite
transformationGeochim. Cosmochim. A¢B0(3): 439-453.

260



DOE, 2007 Carbon Sequestration Atlas of the United States@antbida National
Energy Technology Laboratory, U.S. Department cérigi.

Dulaney, A.R., 1989The geochemistry of the N-aquifer system, NavagoHopi Indian
Reservations, Northeastern Arizomdaster thesis, 209p Thesis, Northern Arizona
University, Flagstaff, Arizona.

Emery, D. and Robinson, A.D., 1998organic Geochemistry: Application to Petroleum
Geology Blackwell Scientific Publication.

Gale, J., 20020verview of C@Qemission sources, potential, transport and geokgica
distribution of storage possibilities., Intergovarantal Panel on Climate Change,
Working Group IlI: Mitigation of Climate Chang&/orkshop on Carbon Dioxide
Capture and Storage, Regina, Canada, pp.15-30.

Giammar, D.E., Bruant, R.G.J. and Peters, C.A.52B0rsterite dissolution and
magnesite precipitation at conditions relevanideep saline aquifer storage and
sequestration of carbon dioxidéhem. Geo).217: 257-276.

Gilfillan, S.M.V. et al., 2009. Solubility trapping formation water as dominant GO
sink in natural gas field®ature 4587238): 614-618.

Gunter, W.D., Perkins, E.H. and Hutcheon, I., 2004uifer disposal of acid gases:
modeling of water-rock reactions for trapping oidavastesAppl. Geochem15(8):
1085-1095.

Gunter, W.D., Wiwchar, B. and Perkins, E.H., 198¢uifer disposal of CQrich
greenhouse gases: extension of the time scalepefiexent for CQ@-sequestering
reactions by geochemical modelimginer. Petrol, 59: 121-140.

Haar, L., Gallagher, J.S. and Kell, G.S., 198BS/NRC Steam Tables: Thermodynamic
and Transport Properties and Computer Programsvapor and Liquid States of
Water in SI UnitsHemisphere Publishing Corporation, New York, 320p

Harshbarger, J.W., Repenning, C.A. and Irwin, J1957.Stratigraphy of the Uppermost
Triassic and the Jurassic Rocks of the Navajo QguhtS. Geological Survey
Professional Paper 291, 71p, 71 pp.

Hemingway, B.S., Robie, R.A. and Apps, J.A., 19Révised values for the
thermodynamic properties of boehmite, AIO(OH), agldted species and phases in
the system Al-H-OAm. Mineral, 76(3-4): 445-457.

Hitchon, B., Gunter, W.D., Gentzis, T. and BailByT., 1999. Sedimentary basins and

greenhouse gases: a serendipitous associ&imng. Convers. Managel((8): 825-
843.

261



Ho, P.C., Bianchi, H., Palmer, D.A. and Wood, R2000. Conductivity of dilute
aqueous electrolyte solutions at high temperatamespressures using a flow cdll.
Solution Chem29(3): 217-235.

Holland, T.J.B. and Powell, R., 1998. An internalbnsistent thermodynamic data set
for phases of petrological interedt.Metamorph. Geql16: 309-343.

Hower, J., Eslinger, E.V., Hower, M.E. and PernA.E1976. Mechanism of burial
metamorphism of argillaceous sediments: Minerakigaad chemical evidenc&eol.
Soc. Am. Bul).87: 725 -737.

Johnson, J.W., Oelkers, E.H. and Helgeson, H.®21SUPCRT92 - A software
package for calculating the standard molal thermadyc properties of minerals,
gases, aqueous species, and reactions from 1-6@0@bar and 0°C to 1000°C.
Comput. Geoscil8(7): 899-947.

Kaszuba, J.P., Janecky, D.R. and Snow, M.G., 20ahon dioxide reaction processes
in a model brine aquifer at 2000 C and 200 barplications for geologic
sequestration of carboAppl. Geochem18(7): 1065-1080.

Kaszuba, J.P., Janecky, D.R. and Snow, M.G., Zbggerimental evaluation of mixed
fluid reactions between supercritical carbon diexéaahd NaCl brine: Relevance to the
integrity of a geologic carbon reposito§hem. Geo).217(3-4): 277-293.

Keller, W.D., Reynolds, R.C. and Inoue, A., 198rphology of clay minerals in the
smectite-to-illite conversion series by scanniregtbn microscopyClay. Clay.
Miner., 34(2): 187-197.

Khilar, K.C. and Fogler, H.S., 1984. The existeata critical salt concentration for
particle releasel. Colloid. Interf. Scj.10(1): 214-224.

Khilar, K.C. and Fogler, H.S., 1998heory and Applications of Transport in Porous
Media, Volumn 12: Migration of Fines in Porous MedDordrecht: Kluwer
Academic Publishers.

Khilar, K.C., Fogler, H.S. and Ahluwalia, J.S., B9%andstone water sensitivity:
Existence of a critical rate of salinity decreasefarticle captureChem. Eng. Sgci.
38(5): 789-800.

Kia, S.F., Fogler, H.S. and Reed, M.G., 1987. EftédgpH on colloidally induced fines
migration.J. Colloid. Interf. Scj.1181): 158-168.

Knauss, K.G., Nguyen, S.N. and Weed, H.C., 1998p8§ide dissolution kinetics as a

function of pH, CQ, temperature, and tim&eochim. Cosmochim. A¢t&r(2): 285-
294.

262



Kretzschmar, R., Borkovec, M., Grolimund, D. andhiglech, M., 1999. Mobile
subsurface colloids and their role in contamineartgportAdv. Agron,.66: 121-193.

Loope, D.B. and Rowe, C.M., 2003. Long-Lived Plingaisodes during Deposition of
the Navajo Sandstoné. Geol, 111: 223-232.

McCollom, T.M. and Shock, E.L., 1997. Geochemiaaistraints on
chemolithoautotrophic metabolism by microorganismseafloor hydrothermal
systemsGeochim. Cosmochim. A¢&l(20): 4375-4391.

McDowell-Boyer, L.M., Hunt, J.R. and Sitar, N., B8article Transport Through
Porous MediaWater Resour. Re®2(13): 1901-1921.

Mohan, K.K., Reed, M.G. and Fogler, H.S., 1999 nkation damage in smectitic
sandstones by high ionic strength brir@slloid. Surfaces Al54(3): 249-257

Nadeau, P.H., 1998. An experimental study of tifeces of diagenetic clay minerals on
reservoir sand<lay. Clay. Miner,.46(1): 18-26.

Nadeau, P.H., Peacor, D.R., Yan, J. and Hillier2802. I-S precipitation in pore space
as the cause of geopressuring in Mesozoic mudstBgessund Basin, Norwegian
Continental ShelfAm. Mineral, 87(11-12): 1580-1589.

Neasham, J.W., 1977. Applications of scanning edaamnicroscopy to the
characterization of hydrocarbon-bearing rocks, \L-8. In: R.P. Becker (Editor),
Scanning Electron Microscopy, Proceedings of théa Zhnual SEM Symposiym
Chicago, pp. 1-8.

Ochi, J. and Vernoux, J.-F., 1998. Permeabilityelese in sandstone reservoirs by fluid
injection: Hydrodynamic and chemical effecisHydrol, 2083-4): 237-248

Parkhurst, D.L. and Appello, A.A.J., 1993ser's guide to PHREEQC (version 2)-a
computer program for speciation, batch-reactione @iimensional transport, and
inverse geochemical modelir@P-4259, U.S. Geological Survey.

Parry, W.T., Forster, C.B., Evans, J.P., Bowen, B2l Chan, M.A., 2007.
Geochemistry of C@sequestration in the Jurassic Navajo Sandstorieracio
Plateau, UtahEnviron. Geoscj.14(2): 91-109.

Perkins, E.H. and Gunter, W.D., 1995. Aquifer dsgdaf CQ-rich greenhouse gasses:
modelling of water—rock reaction paths in a sil&stic aquifer. Proceedings of the 8th
international symposium on water—rock interactiaf. Balkema, Vladivostok,
Russia, pp. 895-898.

263



Poesio, P. and Ooms, G., 2007. Removal of pattiatigges from a porous material by
ultrasonic irradiationTransport Porous Med66(3): 235-257.

Ramachandran, V. and Fogler, H.S., 1999. Pluggyngyldrodynamic bridging during
flow of stable colloidal particles within cylindat poresJ. Fluid Mech, 385 129-
156.

Robie, R.A. and Hemingway, B.S., 199%hiermodynamic Properties of Minerals and
Related Substances at 298.15 K and 1Bar (105 Pg)sea¢ssures and at Higher
TemperaturesU.S. Geological Survey Bulletin 2131, 461p.

Schaef, H.T. and McGrail, B.P., 2004. Direct measents of pH and dissolved €@
H,O—-CQ brine mixtures to supercritical conditions, AAP@rAual Meeting, Dallas,
Texas.

Seyfried, W.E., Jr., Janecky, D.R. and Berndt, M1B87. Rocking autoclaves for
hydrothermal experiments; Il, The flexible reactueil system. In: H.L. Barnes
(Editor), Hydrothermal Experimental TechniquéSiley-Intescience, 216-239, pp.
216-239.

Shock, E.L., 1995. Organic acids in hydrothermaltsans: Standard molal
thermodynamic properties of carboxylic acids artaredes of dissociation constants
at high temperatures and pressufes. J. Scj.295 496-580.

Shock, E.L. and Helgeson, H.C., 1988. Calculatiohe thermodynamic and transport
properties of aqueous species at high pressureteanukratures: Correlation
algorithms for ionic species and equation of spaéelictions to 5 kb and 1000° C.
Geochim. Cosmochim. A¢ct2: 2009-2036.

Shock, E.L., Helgeson, H.C. and Sverjensky, D.889 Calculations of the
thermodynamic and transport properties of aguepesiass at high pressures and
temperatures: Standard partial molal propertiga@mfyanic neutral specie&eochim.
Cosmochimi. Acteb3: 2157-2183.

Shock, E.L. and Koretsky, C.M., 1995. Metal-Orga@amplexes in Geochemical
Processes - Estimation of Standard Partial Molariftodynamic Properties of
Aqueous Complexes between Metal-Cations and Moeav&rganic-Acid Ligands
at High-Pressures and Temperatué@sochim. Cosmochim. A¢ta9(8): 1497-1532.

Shock, E.L., Oelkers, E.H., Sverjensky, D.A., Jams).W. and Helgeson, H.C., 1992.
Calculation of thermodynamic and transport propsrtif aqueous species at high
pressures and temperatures. Effective electrostatic; dissociation constants and
standard partial molal properties to 1000° C akt.5. Chem. Soc. London, Faraday
Transactions88: 803-826.

264



Shock, E.L., Sassani, D.C., Willis, M. and Sverign®.A., 1997. Inorganic species in
geologic fluids: Correlations among standard milatmodynamic properties of
aqueous ions and hydroxide complexgeochim. Cosmochim. A¢&l(5): 907-950.

Spangler, L., 2007. Regional Characterization Aitéig and Large Volume Injection
Test -Nugget Sandstone formation. Regional Carlemué&stration Partnerships
Initiative Review Meeting, Pittsburgh, Pennsylvania

Stephens, J.C. and Hering, J.G., 2004. Factorsteifethe dissolution kinetics of
volcanic ash soils: Dependencies on pH,CGd oxalateAppl. Geochem19: 1217-
1232.

Tagirov, B. and Schott, J., 2001. Aluminum speoiatn crustal fluids revisited.
Geochim. Cosmochim. A¢eb(21): 3965-3992.

Vaidya, R.N. and Fogler, H.S., 1990. Formation dgendue to colloidally induced fines
migration.Colloid. Surface.50: 215-229.

Wagman, D.D. et al., 1982. The NBS tables of chehtieermodynamic properties,
selected values for inorganic and c1 and c2 orgarestances in Sl unit$. Phys.
Chem. Ref. Datal 1, supp. 2: 392p.

Wildenborg, A.F.B. and van der Meer, L.G.H., 200RBe use of oil, gas and coal fields
as CQ sinks Intergovernmental Panel on Climate Change, Warkdnoup IlI:
Mitigation of Climate Change, Workshop on Carbonxiile Capture and Storage,
Regina, Canada, pp. 61-78.

Wolery, T.J., 1978Some chemical aspects of hydrothermal processeglabceanic
ridges -- A theoretical study. |. Basalt-sea watsmaction and chemical cycling
between the oceanic crust and the oceans. II. CGation of chemical equilibrium
between aqueous solutions and minerlisrthwestern University, 263p, Evaston, IL.

Xu, T., Apps, J.A. and Pruess, K., 2004. Numest@lulation to study mineral trapping
for CO, disposal in deep aquifersppl. Geochem19: 917-936

Zhu, C., 2005. In situ Feldspar Dissolution Ratean Aquifer.Geochim. Cosmochim.
Acta 69(6): 1435-1453.

Zhu, C. and Lu, P., 2009. Coupled alkali feldspasalution and secondary mineral
precipitation in batch systems: 3. Saturation lesliof Product Minerals and Reaction
Paths Geochim. Cosmochim. A¢f&3: 3171-3200.

Zhu, C., Veblen, D.R., Blum, A.E. and Chipera, 006. Naturally weathered feldspar

surfaces in the Navajo Sandstone aquifer, Blackai&szona: Electron microscopic
characterizationGeochim. Cosmochim. A¢f&)(18): 4600-4616.

265



CHAPTER 7

ARSENIC EH-PH DIAGRAMS AT 25 °C AND 1 BAR (0.1 MPA)

® This chapter is currently under review: Lu, P. &hai, C. Arsenic Eh-pH and Solubility Diagrams &t 2
°C and 1 bar (0.1 MPalEnvironmental Earth Sciencesubmitted.
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1. INTRODUCTION

Currently, there is tremendous interest in arsgaahemistry (Tamaki and
Frankenberger, 1992; Who, 2001; Nordstrom and Ar@@02; Smedley and Kinniburg,
2002; Oremland and Stolz, 2003; Swartz et al., 2B@llibaugh et al., 2005; Keimowitz
et al., 2005; Amirbahman et al., 2006; Sverjensky Bukushi, 2006; Fukushi and
Sverjensky, 2007; Marini and Accornero, 2007). Ehgiagrams provide a useful guide
for evaluating the predominance of dissolved spgearal stability of solids (Garrels and
Christ, 1965; Pourbaix, 1966; Krauskopf and Bir@93). Various versions of Eh-pH
diagrams for inorganic arsenic have been previotmhgtructed (Ferguson and Gavis,
1972; Brookins, 1986; 1988; Vink, 1996; Takeno, 200 hese Eh-pH diagrams differ
because: (1) different thermodynamic propertiesatpreous species and solids are used
for construction of Eh-pH diagrams by differenthaars; (2) inclusion or exclusion of
certain arsenic species (e.g., thio-arsenic spaciégerric arsenate); and (3) different
chemical systems of interest. Since the last sppalaication of Eh-pH diagrams for
arsenic was over ten years ago (Vink, 1996), nduegaof thermodynamic properties for
arsenic species have become available throughaeeesvaluations, compilations, or
estimations (Nordstrom and Archer, 2002; Pokroeskl., 2002; Langmuir et al., 2006;
Marini and Accornero, 2007). Several previous cdatioins focused on particular
systems of interest. For example, Nordstrom andhér¢2002) focused on the As-O-H-S
system; Langmuir et al. (2006) concentrated orA©-H-Fe system; Marini and
Accornero (2007) focused on thermodynamic propedfemetal-arsenate and metal-
arsenite aqueous complexes; Root et al. (2009s&xtan arsenic surface complexation

with Fe. In addition, new experimental data foritvar arsenate and barium hydrogen

267



arsenate data (Zhu et al., 2005) are availables,Tdnnew compilation that integrates data
available for the As-O-H-S-Fe-Ba system is necgssar

In this contribution, we compiled arimedynamic database for arsenic species
and constructed Eh-pH diagrams af@5and 1 bar (0.1 MPa) for a number of chemical
systems relevant to the environment. These diagpaavide a ready reference for
practitioners working in the area of arsenic geau#y. The thermodynamic properties
used in the construction of Eh-pH diagrams in shigly are listed in Tables 1 and 2.
Construction of the Eh-pH diagrams were facilitateth the computer code
Geochemist's Workbench (GWH) version 5.0 (Bethke, 2004).

The range of As concentrations found in naturakwgis large, ranging from less
than 0.5ug L™ (6.7 x 10° M) to more than 500Qg L™ (6.7 x 10° M) (Smedley and
Kinniburg, 2002). A relatively wider range of argeooncentration (18to 10° M) was
chosen in this study for general purpose, e.gtamoimated waters. Eh-pH diagrams in
this study considered pH dependence of speciashdison for sulfur, iron, and barium
species. Moreover, activities (instead of moladitieonsidering the influence of ionic
strength and ion association phenomena were ctddubdth the aid of geochemical

modeling code.

2. INTERNALLY CONSISTENT THERMODYNAMIC PROPERTIES FOR
ARSENIC
To construct Eh-pH diagrams, we first derived ao$étternally consistent
thermodynamic properties for arsenic aqueous specié complexes, and arsenic-

containing oxides, sulfides, and ferric arsenateenals.
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Nordstrom and Archer (2002) critically reviewed éafale thermodynamic data
for some arsenic species and pointed out the abitdy of most previous compilations.
They further provided an internally consistent thedynamic data set by simultaneous
weighted least-squares multiple regressions omibelnemical measurements. However,
thermodynamic data for ferric and ferrous arseoateplexes and ferric arsenate
minerals are unavailable in their compilation. Fearsenate minerals are important
because, for example, scorodite is the least solisienate phase in many mine tailings
systems and it controls arsenic releases to tailiage water and to the environment
(e.g., Langmuir et al., 2006). Langmuir et al. @pPeritically reviewed solubility data of
arsenate minerals and provided equilibrium constemtFe-bearing agueous arsenic
species, amorphous ferric arsenate and crystaliiomdite which are computed using
equilibrium constants for arsenic acid species@mdplexes based on Nordstrom and
Archer (2002). Langmuir et al. (2006) used equillibr constants obtained by Whiting
(2992). Marini and Accornero (2007) independengiyreated thermodynamic properties
of Fe-bearing arsenate and arsenite aqueous coesplex

In this study, we adopted the thermodynamic progeedf Fe-As complexes from
Marini and Accornero (2007). The estimates fromikland Accornero (2007) are in a
good agreement with those of Whiting (1992), ex&&#sQ° (Table 3). To ensure the
consistency, we recalculated the equilibrium cartstaf reactions (at 2%€) involving
Fe-bearing arsenate and arsenite aqueous comflextge 1) from Marini and
Accornero (2007) using thermodynamic propertiearsénic acid species and complexes
from Nordstrom and Archer (2002). We also recakaad angmuir et al.’s (2006)

solubility products of amorphous ferric arsenate anystalline scorodite considering Fe-
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As complexes from Marini and Accornero (2007) faling the procedure of Langmuir et
al. (2006) (Table 2). Marini and Accornero (200@jiced a large discrepancy with
Whiting (1992) forFeAsQ°. They argued that the discrepancy may be dueetéati that
Whiting’s evaluations are influenced by the stapitionstants oFePQ;° complexes
derived by Langmuir (1979) which appears to behigh (Marini and Accornero, 2007).
Note that Marini and Accornero (2007) provided acsesFeH,AsQ** which is not used
in Langmuir et al. (2006) (Table 1 and 3).

Barium arsenate has been thought tor@asrsenic concentrations in fresh water
and in solid waste leachates (Wagemann, 1978; T,ut@81; Essington, 1988).
However, as pointed out by Zhu et al. (2005), tlalslities of barium arsenate are
inconsistent in the literature. Zhu and co-worl@msducted new dissolution and
precipitation experiments to measure the solubilftparium arsenate and barium
hydrogen arsenate. However, when they calculaeddtubility values, they used
equilibrium constants from the INfrEQ database (Allison et al., 1991). In this study, we
recalculated the solubility products of Zhu et(2005)’s experimental data for barium
arsenate and barium hydrogen arsenate using§ iagues listed in Table 1. These
recalculated values are thus internally consistéift other adopted loKs for arsenic
species listed in Table 1.

Therefore, we derived a set of intdynabnsistent thermodynamic properties for
arsenic as the basis for Eh-pH diagrams. Thesmtidgmamic properties consist of
those from Nordstorm and Archer (2002), metal acseomplexes recalculated for

Marini and Accornero (2007), amorphous ferric asgerand scorodite recalculated for
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Langmuir et al. (2006), and barium arsenate anditnainydrogen arsenate recalculated

for Zhu et al. (2005).

Table 1. Equilibrium constants for Asiaqus species from different sources

Agqueous reactions WATEQ | MINTE LLNL*® | Nordstro | Langm Marini and Adopte
4F QA2? m& uir et Accornero d
Archer al. (2007) values
(2003) | (2006)
HsASO® = HASOy + H' -9.15 -9.23 9.21 -9.17 -9.234 -9.17
HaASO® = HASQ? + 2H' -23.85 -21.33 | -20.22 | -23.27 -23.27
HiASO® = AsQ® + 3H' -39.55 -34.74 -38.27 -38.27
HsASOP + H' = HASOs -0.305 -0.31
ILASOLHBHS +SH = ASSHSY | 7314 72.23 72.23
o I+t —
Tffb% T2HS+H = ASS(OH)(HS) | 15038 18.008 18.008
HsASOP = HASO; + H' 2.3 -2.24 -2.25 2.3 -2.265 2.3
HsASOL = HAsSQ? + 2H' -9.46 -9.00 -9.01 -9.29 -9.23 -9.29
HaASOP = AsQ® + 3H -21.11 -20.6 -20.61 | -21.08 -20.619 -21.08
HsASOL + 2H' + 26 = HASO;® + H,0 19.35 19.35 19.35 19.35
FE" + H:AsO° = FeAsQ’+ 3H' -2.19 -6.86 (-6.97) | -6.97
FE" + H,ASO° = FeHAsQ' + 2H' 0.57 0.71 (0.59) 0.59
Fe"' + H:AsO, = FeHAsO2" + H 1.74 2.00 (1.88) 1.88
F&' + H:ASO® = FeHAsO," + H' 0.38 0.53 (0.41) 0.41
F&" + H,ASO° = FeHAsQ’ + 2H' -5.75 -5.87 (-5.99) | -5.99
FE" + H,ASO,° = FeAsQ + 3H -14.03 | -13.41 (-13.53)| -13.53
Fe" + HASOy° = FeHAsO?" + H' -1.95 (-1.98) -1.98
Ba® + H:AsO:’ = BaHAsO;' + H' -7.81(-7.83) -7.83

Parenthetic values for metal arsenic and arseoatplexes have been computed using the As
thermodynamic properties from Nordstrom and ArqReé03). (1) Ball and Nordstrom (1991); (2) Allison
et al. (1991); (3) Wolery et al. (1992)

Table 2. Equilibrium constants for Adid dissolution reactions

Reactions WATEQ | MINTE | LLNL® | Nordstrom | Langmuir | Adopted

4FY QA2® & Archer et values
(2003) al.(2006)

As (o,cr) + 3HO = HAsO + 3H' + 3¢ -12.179 -12.5836 -12.525 -12.525

As,0s (cr) + 3HO = 2HASO,° 6.699® 6.699 6.6585 8.26 8.26

FeAsQ:2H,0 (scorodite) = F& + AsQ® + -2%)249 -20.197 -26.12 -26.68

2H,0

FeAsQ:2H,0 (am) = F& + AsQ® + -23.3 -23.28

2H,0

As;O; (arsenolite)+ 3bD = 2HAsOS -1.40 -1.4269 -1.38 -1.38

As,0; (claudetite) + 36D = 2HASOS -1.53® -1.3551 -1.34 -1.34

As,S; (orpiment) + 6HO = 2HASO,” + -60.971 | -60.971 | -61.0063 -46.3 -46.3

3HS + 3H" ®

As;S; (am) + 6HO = 2HASOL + 3HS -23.9 -23.9

AsS (realgar) + 3bD = HASOL + HS + -1%)747 -19.747 | -27.0028 -20.11 -20.11

2H + €

AsS (3, realgar) + 30 = HASO® + HS -20.05 -20.05

+2H +€

FeAsS (arsenopyrite) + 38 = HASO; + -16.6137| -34.799 -34.799

FE* + HS + 3H + 3¢

Bas(AsOy)x(c) + 6H = 2H:ASQ,° + 3B&" -7.89 -8.91 189

B}HASQ:HZO =AsQ®* +HO0 +H + 3.68

B +

(1) Ball and Nordstrom (1991); (2) Allison et a1901); (3) Wolery et al. (1992); (4) Christensemlet
(1975); (5) Wagman et al. (1982); (6) Naumov e{E.74); (7) Pokrovski et al. (2002); (8) Recalteth
values in this study based on Langmuir et al. (2@0@l solubility experiments of Zhu et al. (2005).
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Table 3. Gibbs free energy of formation for aquespecies and solids at 25 and 0.1

MPa (kJ/mol)
Ferguson § Nordstrom & Langmuir ef Marini and| Adopted
Aqueous Gavis Brookins Vink Craw et al.| Archer al. (2006) | Zhu et al] Accornero| values
Species (1972) (1986, 1988) (1996) (2003) (2002) (2005) (2007)
HaASO,° -769.856| -766.007% | -766.09% | -766.099 | -766.75 -766.08'% | .766.75
H,ASO; -757.304Y| -753.162% | -753.12% | -753.129 | -753.65 -753.162%| 753,65
HAsOZ -717.556Y| -714.1679 | -714.6279 | -714.627% | -713.73 -714.585%| 71373
AsO* -651.867Y| -648.394“ | -648.52% | -648.52% | -646.36 -648.394%| _646.36
HsASO:° -646.01V | -639.817% | -639.734“ | -639.8® -640.03 -639.851%| .640.03
H,ASOs -593.291%| -587.141® | -587.015% | -587.1%9 | -587.66 -587.1419| .587.66
HAsSOZ -524.255Y| -524.2979 [ -524.2559 -507.4 -507.4
AsO* -447.688% | -447.688° -421.8 -421.8
HAsSS® -48.5762%
AsS, -27.447@
As3Sy(HS), -125.6 -125.6
AsS(OH)SH -244.4 -244.4
Fe* -79.0776% | -91.5@0 -91.50 915
Fe* -4.6024% -17.249 | -17.24
o'y 744549 | -744.3349 | 744549 | 744509 744469 7445
H.S -27.8%Y | -27.61449 | -27.69 -27.87 27939 | 2787
HS 12.09% | 12.1336% 1210 12.05 11.9% 12.05
Ba®* -560.78% | -560.78
BaOH' 7209 [ -720.9
FeAsQ® -771.49 74417 -744.17
FeHAsQ" -787.24 -787.38| -787.38
FeHAsO2* -793.92 -794.75| -794.75
FeHASO;" -860.42 -860.62| -860.62
FeHAsQ® -825.43 -824.08| -824.08
FeAsQ -778.16 -781.02| -781.02
FeHAsO2* -645.98 | -645.98
BaH,AsO;" -1156.10| -1156.10
Solids
AsS @,
realgar) -35.16% | -35.146© | -35.146® | -33.2 -31.3 -31.3
As;S;
(o, orpiment) | -168.406| -168.615% | -168.615% | -86© -84.9 -84.9
As,0s -589.107%| -575.969° | -576.555% -576.34 -576.34
As,Os5 -781.99% -774.96 -774.96
FeAsS
(arsenopyrite -109.6217 | -141.6“Y -141.6
FeAsQ:2H,O
(Scorodite) -1307.8 | -1307.5® -1287.08? -1287.08
FeAsQ:2H,O
(am) -1270.98) -1270.98
Fe(OH)(a) -693.3% -699 -699
Bas(AsOy); -3113.40 -3095.11%
BaHAsQ;:H,0 -1544.47 -1538.65

(1) Sergeyeya and Khodakovsky (1969); (2) Silled startell (1964); (3) Robie and Waldbaum (1968);
(4) Wagman et al. (1982); (5) Dove and Rimstidi8@) (6) Robie et al. (1978); (7) Naumov et al.{4p
(8) Vink (1996); (9) Pokrovski et al. (1996); (18hock and Helgeson (1988); (11) Ball and Nordstrom
(1991); (12) Recalculated values based on the sityutroduct of crystalline scorodite (Langmuir at,
2006); (13) Shock et al. (1997); (14) Recalculataldies based on Zhu et al. (2005)’s experiments.
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3. Eh-pH DIAGRAMS

3.1. As-O-H
Figure 1 shows the predominance of arsenic spectibge system As-O-H at 25

°C and 0.1 MPa. While the predominance fields feeaate species under oxidizing
conditions are similar in all Eh-pH diagrams pufdid, the field boundaries for arsenite
species are significantly different. The predomoeafields of arsenite in Figure 1 are the
same as Figure 2 of Nordstrom and Archer (20023l the same thermodynamic data

for arsenite species were used. The values of ithlesGree energy of formation for
speciesHAsQ;” and AsQ adopted by Nordstrom and Archer (2002) are 16.&&0/
and 25.9 kJ/mol higher, respectively, than thoseafe and Rimstidt (1985), which
were used by Brookins (1986; 1988) and Vink (199@ple 3). Due to these large
uncertainties, the specié¢$AsQ’” and AsQ~ were omitted from Fig. 1, although they
are present in the diagrams of Brookins (1986; 1888 Vink (1996). Using the

thermodynamic data from Nordstrom and Archer (2062)AsQ is the predominant

species from pH 0 to 9.17, at,AsQ, from pH 9.17 to 14.

Arsenic is fairly mobile under oxidizing and mildigducing conditions. Under
strongly reducing conditions, near the lower liofithe stability field of water, native
arsenic is stable within the,8 stability field and limits the mobility of the senic. As
pointed out by Vink (1996), arsenolité§,0,) or claudetite As,0,) only occur at
extremely high activities of aqueous arsenic spe@eagrams not shown).

Figure 1 was constructed for the As-O-H system Wi#ts = 10° M. The symbol
“> As” represents the sum of the concentrationsl@cpleous As species present in the

system.
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3.2. As-O-H-S
The Eh-pH diagrams for the system As-O-H-S are shiowig. 2, which are

different from those of Brookins (1986; 1988) andk/(1996), but similar to that of

Plant et al. (2003) at low arsenic concentratidin revisions result from the inclusion
in our diagrams of two aqueous thioarsenite speagSs,(HS), and ASSOH)SH™

from Nordstrom and Archer (2002) and also in thHd®lant et al. (2003). Thioarsenite
species were not included by Brookins (1986; 128&) Vink (1996), but Ferguson and
Gavis (1972) included the specii$\sS and AsS . These species, however, are
regarded as unstable with respect to sélglS by Wagemann (1978). With the
inclusion of thioarsenite species, the stabiliglds for orpiment As, S) and realgar (
AsS) shrink appreciably in comparison to those ingrevious studies that did not
include the thioarsenite species (Brookins, 1988k\V1996). As shown in Fig. 2, the

decrease of As increases the predominance fieldAd§OH)SH™ . The predominance
field of the thioarsenite speciéss,S,(HS), does not appear in the Eh-pH diagrams.

In addition, the standard state Gibbs free enefd@grmation for the arsenic
sulfide mineral orpiment (Table 3) is given withaage of values (varying by
approximately 80 kJ/mol) in the literature (Fergusmd Gavis, 1972; Brookins, 1986;
1988; Vink, 1996; Nordstrom and Archer, 2002). sTigsults in large differences among
the Eh-pH diagrams that adopt these different wlue

In Fig. 2, the highe} As, the wider the stability field of orpiment arehigar.
When}'S (representing the sum of the concentrationsl eigaieous sulfur species)

decreases to 10 M, the stability field of orpiment disappears frone diagram at As
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= 10° M (data not shown). Decreasili further to 10 results in the disappearance of
the stability field of realgar (data not shown).

In comparison with As-O-H system, arsenic mobiktyimited under mildly
reducing and low pH conditions. In contrast to Bios (1986; 1988), arsenic partitions
significantly into aqueous phases under mild-reniyieind neutral pH conditions due to
the inclusion of the specie&sSOH)SH".

3.3. As-O-H-S-Fe

The effects of mineral stability and aqueous sepredominance by addition of
Fe to the system As-O-H-S are shown in Fig. 3%t= 10° M and for a range dfAs.
Our Fig. 3 is characterized by a large stabiligydifor scoroditekeAsQ-2H,0) in acidic
and neutral pH, under oxidizing conditions witAs > 10°M. The thermodynamic
properties for scorodite are the subject of comailole debate and studies (Dove and
Rimstidt, 1985; Robins, 1987; Krause and Ettel 8 $8bins, 1990; Zhu and Merkel,
2001; Langmuir et al., 2006). Langmuir et al. (@Dfecently evaluated the solubility
products of scorodite by geochemical modeling,ngknto account aqueous ferric
hydroxide, ferric sulfate, and ferric arsenate claxgs. Their derived solubility product
of 10%°*?for crystalline scorodite is approximately 6 oslef magnitude lower than the
previously estimated value of %% (Chukhlantsev, 1956). Vink (1996) estimated an
even smaller solubility product for crystalline sadite (10**9. The stability field of
scorodite in Fig. 3 reflects the l&gvalue of Langmuir et al. (2006) (being recalcudate
in this study). Use of this value results in a sdae stability field existing under a
considerably narrower range of pH and Eh conditinrexidizing environments than was

previously predicted (Vink, 1996; Craw et al., 2R03
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Addition of Fe to the system As-O-H-S shrinks ttab8ity fields of orpiment and
realgar appreciably because of the formation adrapyrite FeAsS). Decreasing As

further decreases the stability fields of orpimemd realgar, and increases the dominance
field of the thioarsenite speciessSOH)SH"™ . Arsenopyrite is stable under acidic to

basic, reducing conditions. The arsenopyrite stgliield replaces part of the
thioarsenite species and arsenous acid fieldeid#iO-H-S system (Fig. 2). The
stability field of arsenopyrite in Vink’s (199&h-pH diagram is much smaller and
restricted to basic pH. The difference betweeratisenopyrite stability field in Fig. 3 and
Craw et al. (2003)’s Eh-pH diagram is minor becatsedifference is caused by
thermodynamic data for other arsenic species vididetical thermodynamic data were
used for arsenopyrite.

Decrease o} S results in a shrinking stability field for orpinteand, to varying
degrees, enlarging the stability field of realgad aative arsenic. The stability field of
both orpiment and realgar disappears whiSmdecreases to T0M, whenY As = 10° and
Y'Fe = 10° M. Note that the boundary between native arsanitarsenopyrite shifts
with ¥'S values, given constafis (1.0x10° M) andY Fe (10° M). AtYAs =YFe 'S
= 10° M, both orpiment and realgar are not stable, wkiéh marked contrast with the
large stability field of these phases under agitan previously published Eh-pH
diagrams (Vink, 1996).

Increase op Fe leads to a significant expansion of the stgtfiids for
scorodite and arsenopyrite, shrinking the realigdal,fand absence of the native arsenic
field. The stability field of arsenopyrite encroaston the field of orpiment with

increasing Fe at a fixedrAs (10° M) andY’S (10° M).
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The aqueous species predominance fields in Figa3rasult from the inclusion

of ferric and ferrous arsenate species from Mauna Accornero (2007). As a result,

FeHAsQ , FeH,AsQ;, andFeH,AsQ”" species reduce the predominance fields of
H,AsQ, and H,AsQ, under extremely acidic pH with a fixédAs (10° M) and¥’S (10

¥ M) when theY Fe is> 10° M.
The addition of Fe into the As-O-H-S system resialtdecreased arsenic mobility
under extremely oxidizing and low pH conditions amitt reducing and neutral pH

conditions.

3.4. As-O-H-Ba and As-O-H-S-Fe-Ba

An Eh-pH diagram for the system As-O-H-Ba is présein Fig. 4 §B&" is 10°
M). Using new solubility data based on Zhu et 2005), barium arsenate is only stable
at high pH conditions (pH > 10.3). In contrasthié logK values of -7.89 or -8.91 for
reactionBag(AsQy)x(c) + 6H* = 2H3;AsQP + 3Ba’" (reported in the databases of
WATEQ4f or MINTEQ, see Table 2) were used, the stability field afura arsenate ( pH

> 2.1) would not only encroach on the fieldsA$Q~ but also onHAsQ™ and H,AsQ;

(diagram not shown). The new solubility data sugtes barium arsenate is
significantly less stable than previously thougdttiy et al., 2005). The barium arsenate
stability field disappears when 8as less than I6M (diagram not shown). The stability
field of barium hydrogen arsenate does not appetre diagram.

Calculations were also made to construct Eh-pHrdrag for the system As-O-H-
S-Fe-Ba. Figure 5 shows the predominance and isydfiglds at> Fe = 1 M and

YBa&* =Y'S = 10° M, andY As from 10° to 10° M. At higherY As, for example, 16 M,
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scorodite and barium arsenate are the dominamt gbéses under oxidizing conditions,
and arsenopyrite, orpiment, realgar, and nativerécsare dominant under reducing
conditions. Wher} As decreases, the stability fields of scorodite laadum arsenate are
replaced by arsenate aqueous species. In addhmstability fields for orpiment, barium
arsenate, and arsenopyrite significantly shrinkkeNbat the thioarsenic species
AsSOH)SH" is present between the orpiment and arsenogiglts. With a low value
of As (Y As = 10° M), arsenic aqueous species prevail at oxidizimdyslightly reducing
conditions. The diagram looks the same as FigTBd.addition of Ba into the As-O-H-
S-Fe system results in decreased arsenic mobiidgoxidizing and mild reducing and

high pH conditions.

4. CONCLUDING REMARKS

We compiled thermodynamic properties for aqueouaksalid arsenic species
from the literature, recalculated those propettesnsure internal consistency, and used
these data to construct Eh-pH diagrams. Theseatregprovide ready references for
scientists working on arsenic geochemistry. As fgairout by Garrels and Christ (1965),
Eh-pH diagrams are only as accurate as the accaofdhg free energy data used in
constructing them and valid only for those spespcifically considered. Significant
discrepancies exist in the Gibbs free energy ahédion data for arsenic solids in the
literature, which casts uncertainty over the Ehdifirams using these data. It is also
well known that natural waters lack internal re@opiilibrium (Cherry et al., 1979;
Lindberg and Runnells, 1984; Stumm and Morgan, 1396wever, these diagrams are

nevertheless useful as we need to study disequitibas a deviation from equilibrium.
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Figure 2. Eh-pH diagrams for the system As-O-H-353C and 0.1 MP&}y'S is set at
10° M for the above diagramSAs is (a) 1.0x18M, (b) 1.0x10° M, (c) 1.0x1C M,
and (d) 1.0x18 M, respectively. Gray shaded areas denote the pbises.
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Y Fe are set at 10and 10 M, respectively} As is set at (a) I8M, (b) 10° M, (c) 10°
M, and (d) 1 M, respectively. Gray shaded areas denote the gbhises.
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CHAPTER 8

LEAD COPRECIPITATION WITH IRON OXYHYDROXIDE NANO-
PARTICLES '’

" This chapter is currently in preparation for paétion: Lu, P., Nuhfer, N. T., Kelly, S., Li., GJswick,
E., and Zhu, C. Lead coprecipitation with iron oygltoxide nano-particle§&seochimica et Cosmochimica
Acta, in preparation.
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1. INTRODUCTION

The bioavailability, mobility, transport, distribah, and cycling of trace metals in
subsurface and surficial geological systems aenatgulated by iron cycling (Davis and
Kent, 1990; Jenne, 1968; Krauskopf, 1956). Ironhgxlyoxides occur widely in surficial
and subsurface geological environments, and ewmrgththey may constitute a minor
fraction of the bulk rock, soil, or sediment, tharg efficient scavengers of trace metals
and radionuclides (Jambor and Dutrizac, 1998). Hewehe mechanisms by which
trace elements are sorbed onto iron oxyhydroxidgsistine and anthropogenically
impacted geological systems are not well known.wledge of sorption mechanisms is
nevertheless central to both developing quantégtartitioning models that serve as a
theoretical basis for the applications of tracenglets as signatures of fluid flow and
chemical reactions, and to predicting contaminamtsport and stability in geological
media.

Presence of lead (B in the environment has severe adverse effechaioran
health, particularly for infants and young childi@&riagu, 1992). Also, the study of lead
isotopes is of great interest to geologists, amt@¢he quantitative partitioning of £b
between aqueous solutions and geological solidixriaars significance to isotope
geochemistry. Possible mechanisms in controlliag leoncentrations in aqueous
solutions include solubility, surface adsorptiamface precipitation, and coprecipitation.
Coprecipitation (CPT) is often referred to as timstaneous removal of a trace
constituent, together with a carrier constitueaifra homogeneous aqueous solution.
However, the mechanism of coprecipitation is poarigerstood. The term

coprecipitation is loosely used in a phenomenoklgense, alluding to the century-old

290



observation that trace constituents, often mesaésefficiently removed together with a
major constituent from a homogeneous aqueous soluti

In the following discussion, “coprecipitation expeents” refer to the design in
which the tracer (e.g., P9 is present in the solution when the carrier iexy.( F&"
hydrolyzes and precipitates to form hydrous oxidle$adsorption experiments” (ADS),
the tracer is added to a suspension of alreadypitieged and aged (typically for a period
of a few hours to a few days) hydrous oxides ofcdreier ion (e.qg., ferrihydrite). The
term “sorption” refers to all processes that transih ion from the aqueous phase to the
solid phase (Sposito, 1984), without referenceexsic processes (e.g., CPT or ADS).

Many geological, environmental, and industrial eyss resemble base titration as
in our CPT experiments described below. For examyghen acid mine drainage loaded
with ferric iron and metals is mixed with neutratfeice and ground water or reacted with
calcite in soils, sediments, and aquifers, Fe3+teau metals are co-precipitated
simultaneously. Iron oxidation/precipitation magyail in natural aquatic environments,
and thus trace metals are likely coprecipitated.

Although numerous Pbadsorption experiments have already been conducted
(e.q., Balistrieri and Murray, 1982; Gadde andibait, 1973; Hayes and Leckie, 1986;
Kinniburgh et al., 1976; Lutzenkirchen, 1997; Rasd Bianchimosquera, 1993;
Swallow et al., 1980; Trivedi et al., 2003), st coprecipitation are scarce and
sporadic (e.g, Ford et al., 1997; Ford et al., 198&tinez and Mcbride, 1998; Martinez
and Mcbride, 2001). Direct comparison of Pb ADS @RI contact methods are even
scarcer (Schultz et al., 1987). However, it is intgat to compare the CPT and ADS

methods.
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First, sorption behaviors for some metals are difiewhen they are prepared
using the CPT or ADS “contact method”. Previousk&mows that sorption isotherms
and sorption pH edges prepared with ADS and CP€&raxental procedures are
appreciably different for Cu2+ sorption onto hydsawon and aluminum oxides
(Karthikeyan et al., 1997; Karthikeyan et al., 199%°* sorption onto ferrihydrite, and
Ni2+ and Cr3+ sorption onto hydrous iron oxidesa{ford et al., 1993), with
coprecipitation being the more efficient processtetal removal from aqueous
solutions. CPT sorption edges are located up tpH.@nits lower on the uptake-pH
diagrams, and at the same sorbate/sorbent rattal opgake is enhanced in CPT systems
as compared to the ADS system (Charlet and Mand®82, Karthikeyan et al., 1997;
Waychunas et al., 1993). However, to illustratedbmplexity of the metastable system
and metal specific nature, CPT and ADS sorptioresdgjth Zii* on iron oxyhydroxide
(Crawford et al., 1993) and €uon hydrous aluminum hydroxide (Karthikeyan et al.,
1997) show no appreciable differences, and comti@gi experimental results for CPT-
ADS have been found for €lonto iron-oxyhydroxide sorption edges (Karthikeyan
al., 1997; Swallow et al., 1980).

Second, whether or not CPT may represent more pemhaequestration of toxic
metals in iron oxyhydroxide from the environmen&msimportant question. The first iron
oxyhydroxide to be precipitated from aqueous soiuis commonly ferrihydrite, a poorly
ordered and metastable phase, which will subselyueansform to highly ordered
phases (e.g., goethite and hematite) over timen@iceind Schwertmann, 1996). The

transformation of metal-ferrihydrite coprecipitatesmore ordered phases may lead to
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structural incorporation of sorbed metals (see sargnm Cornell and Schwertmann,
1996), resulting in apparent irreversible sorptorlesorption hysteresis.

This paper follows our earlier report on the EXA$t8dy of the structure of the
coprecipitated Pb onto nano-particles of iron oxiroyides (Kelly et al., 2008), and
presents companion laboratory experiments of sor@ind desorption of Pb2+ onto iron
nano-particles with CPT and ADS contact methodghHResolution Transmission and
Analytical Electron Microscopy (HR TEM-AEM), and @ghemical modeling study of
coprecipitation of Pb2+ with ferric iron. EDTA eattion experiments permit
comparison of the strength of Pb association wathoaparticles of iron oxyhydroxides
from the ADS and CPT experiments. To investigageréhative stability of sorbed Pb in
the environment, sorbents from both ADS and CPEerpents were aged at 60 oC for
14 days and at 90 oC for 24 h. Desorption experiewere conducted again on these
aged solids. Finally, we attempt to integrate sorpédge measurements with advanced
electron microscopy. The macroscopic chemistry dat@ring a wide range of
conditions supplement the molecular scale EXAFSHIRTEM data for elucidating the
Pb-Fe coprecipitation mechanism and developingaatipative model for the

partitioning of Pb2+ between aqueous solution ama oxyhydroxides.

2. MATERIALS AND METHODS

2.1. Reagents
All reagents were from Fisher Scientiind were of analytical grade. Fe-Pb
solutions was made from ferric nitrate (Fe@¥ 9H,0, purity 99.1%) and lead nitrate.

All solutions were prepared in a 10 mM Khl@ackground electrolyte solution.
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Laboratory plastic-ware was washed with nitric aotution and then with deionized

water.

2.2. Synthesis of 2-line Ferrihydrite

Two-line Ferrihydrite was prepared gsihe modified procedure of
Schwertmann and Cornell (1996€)ne gram Fe(Ng¢); « 9H,0O was dissolved in12.5 mL
deionized water. A Teflon capillary of,Nubbling was used to prevent the possible
influence of atmospheric G@nd to agitate the solution. The pH of the sotuti@s
measured using an Accumet AB15 plus pH meter, reaéld with buffers (pH 4, 7, and
10). 1 M KOH was added cumulatively into the vessll pH was 7~8. The gel
produced was repeatedly centrifuged and washeddeitinized water for five times.
The gel was then resuspended in the media of 25@ea1dnized water by
ultrasonification for 10 minutes and magnetic sigrfor 20 minutes. The suspended
ferrinydrite was aged for 48 hours in closed vesealan orbital shaker. The fresh
prepared gel was used within 2 days for ADS stud@gathetic 2-line ferrihydrite has

been confirmed with X-ray diffraction (XRD) analgsas shown in XRD results section.

2.3. ADS Experiments

An aliquot of 500 mL suspended ferrihyelitas used to prepare 2 batches of
solution with different concentrations of Pb, iRatch A (5.25 mmol/L Fe, 0.37 mmol/L
Pb, and 10 mmol/L KNg) and Batch B (5.43 mmol/L Fe, 0.70 mmol/L Pb, and

10mmol/L KNG;). The Fe and Pb concentrations of initial solugiarere confirmed with
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a Perkins Elmer 5000 flame and graphite furnacemtddsorption Spectrometer
(AAS).

A 50-mL aliquot of the solution (ferrihyt suspension with the presence of Pb)
was transferred into a 150-mL high-density polygtepe jar. While stirring the solution
vigorously (using Teflon coated magnetic stir baN| KOH was injected into the vessel
with the rate of ~ 0.1 mL/min while pH values wemntinuous monitored. The relatively
slow titration rate and vigorously stirring are dige avoid artifacts due to localized high
alkalinity during titration as noted by Martinezdallcbride (1998b). When the pH
approached the target value, a few drops of 0.1NHK¢@re used to reach the desired
pH. The samples were placed on an orbital shake&4ftours after which time the pH
was re-measured. Measurements at every subsequentup to 100 hours, showed that

solution pH had stabilized after 24 hours.

2.4. CPT Experiments

Three batches of solution with differeahcentrations of Pb were prepared. They
are Batch C (6.27 mmol/L Fe, 0.10 mmol/L Pb, andrit@ol/L KNGs), Batch D (5.77
mmol/L Fe, 0.37 mmol/L Pb, and 10mmol/L KNand Batch E (6.77 mmol/L Fe, 0.73
mmol/L Pb, and 10mmol/L KNg). The Fe and Pb concentrations of initial solugion
were confirmed with AAS analysis.

A 50-mL aliquot of the solution was tragrséd into a 150-mL high-density
polypropylene jar. While stirring the solution vigaoisly (using a Teflon coated magnetic
stir bar), 1M NaOH solution was injected into thessel with the rate of ~ 0.1 mL/min

while constant recording the pH. When the pH apghed the target value, a few drops
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of 0.1M NaOH were added to reach the desired pld.SEmples were put on an orbital

shaker for 24 hours after which time the pH wameasured.

2.5. Solid-liquid Separation
The solids were separated by centrifugation atx@mmam relative centrifugal
force of 400QRCF, g-force) for 45 minutes and the liquid supésnt decanted.
Precipitates were immediately transferred into eappals in ethyl alcohol to prevent
further reaction before XRD and TEM measuremenischvwere performed within 1-3
weeks. All supernatants were filtered through & @rizcron cellulose membrane filter
connected to a 20 ml polypropylene syringe. Theivéng vessel was an air-tight

polyethylene centrifugation tube connected to aivatpump.

2.6. Extraction (desorption) Experiments

Room temperature (~ 2Z) and high temperature (60°C) extraction experisien
were conducted using ethylenediamine tetraaceitic(BOTA) to assess the fraction of
Pb sorbed onto the external surfaces of hydromsarides of both ADS and CPT
experiments (pH 6, aged 24 h) after solid-liquidasation (following the methods
described in § 2.5). Pb remained in supernatantmessured and subtracted. The
difference between initial Pb and Pb in supernatsas regarded as total Pb in extraction
experiments. The containers with solids for highgerature extraction experiments were
immersed in a water bath (60° C) and aged for 4.da

An aliquot of 80 mL EDTA solution (with differentlET A concentration) was

added to the solids in the bottles. The suspensamagitated with an orbital shaker for
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the designated time. After the extraction or desongexperiments, solid and liquid were
separated according to procedures described i5. 8 2.
2.7. Analytical Methods

The liquid supernatant was measured for its pH,vealacidified using
concentrated ultrapure HCI. These solutions weatyaad for Fe and Pb using a
Perkins Elmer 5000 flame and graphite furnace Afafiofving EPA method 200.7) or
a Thermo Jarrell Ash ICAP 61E ICP-MS (following ER#ethod 200.8). All
supernatants were stored atCluntil analysis.

The solid specimens were prepared for examinatyddigh-Resolution
Transmission Electron Microscopy (HRTEM) first biyra-sonication in ethyl alcohol
to re-suspend the particles. Then the suspensismpipatted onto a holey-carbon film
supported by a copper-mesh TEM grid, and air-dif@dprevent transformation during
ultrasonication, the vessel with the suspensiatopfecipitates and ethyl alcohol was
cooled in water.

The specimens coprecipitated at pH 5.2 and 6.8 wieserved with a Philips FEI
Tecnai F20 TEM/STEM with a point-to-point resolutiof 0.24 nm, and equipped with a
Gatan Imaging Filter (GIF) and Energy DispersiveaX-(EDX) detector, and a JEOL
4000EX with a point-to-point resolution of 0.17 nwith a Gatan Imaging Filter. The
Philips FEI Tecani F20 TEM/STEM was used for endiligred imaging and
microanalysis. The JEOL 4000EX HRTEM was used taialthe highest possible
lattice imaging resolution.

XRD analysis of the Pb-Fe coprecipitates was edrout using a Bruker D8

Advance X-ray powder diffractometers (Ca Kadiation), equipped with a solid-state
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energy-discriminating detector. The scan parameiszd were 10.010 to 808,2vith a
step size of 0.02°R The samples were prepared for analysis by disygetise
precipitates in acetone to form a thick suspensibis suspension was deposited on a
zero background quartz plate and air dried at ramperature before collecting the
XRD scans.

Samples after ADS and CPT, and syrtl#tine ferrinydrite (as a base line)
were particularly prepared to evaluate the phaaegds in the products with ADS or
CPTaged at elevated temperature. Samples were2ddealirs at 95° C and 14 d at 6D

in a water bath before XRD analysis.

3. EXPERIMENTAL RESULTS

3.1. Sorption Edges in Coprecipitation and Adsorption Experiments

The bioavailability, mobility, transport, distribah, and cycling of trace metals in
subsurface and surficial geological systems aenattgulated by iron cycling (Davis and
Kent, 1990; Jenne, 1968; Krauskopf, 1956). Ironhyxlyoxides occur widely in surficial
and subsurface geological environments, and evemgththey may constitute a minor
fraction of the bulk rock, soil, or sediment, trag efficient scavengers of trace metals
and radionuclides (Jambor and Dutrizac, 1998). Hewehe mechanisms by which
trace elements are sorbed onto iron oxyhydroxidgsistine and anthropogenically
impacted geological systems are not well known.Wledge of sorption mechanisms is
nevertheless central to both developing quantégtiartitioning models that serve as a

theoretical basis for the applications of tracenalets as signatures of fluid flow and
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chemical reactions, and to predicting contaminaartsport and stability in geological
media.

Presence of lead (P in the environment has severe adverse effectaioran
health, particularly for infants and young childi(@&riagu, 1992). Also, the study of lead
isotopes is of great interest to geologists, amt@¢he quantitative partitioning of £b
between aqueous solutions and geological solidixragars significance to isotope
geochemistry. Possible mechanisms in controlliag leoncentrations in aqueous
solutions include solubility, surface adsorptiamface precipitation, and coprecipitation.
Coprecipitation (CPT) is often referred to as tineudtaneous removal of a trace
constituent, together with a carrier constitueatrfra homogeneous aqueous solution.
However, the mechanism of coprecipitation is poarigerstood. The term
coprecipitationis loosely used in a phenomenological sense,iatjuo the century-old
observation that trace constituents, often mesaésefficiently removed together with a
major constituent from a homogeneous aqueous soluti

In the following discussion, “coprecipitation expeents” refer to the design in
which the tracer (e.g., P9 is present in the solution when the carrier iexy.( F&"
hydrolyzes and precipitates to form hydrous oxidle$adsorption experiments” (ADS),
the tracer is added to a suspension of alreadypitieded and aged (typically for a period
of a few hours to a few days) hydrous oxides ofcdreier ion (e.qg., ferrihydrite). The
term “sorption” refers to all processes that transih ion from the aqueous phase to the
solid phase (Sposito, 1984), without referenceexsic processes (e.g., CPT or ADS).

Many geological, environmental, and industrial eyss resemble base titration as

in our CPT experiments described below. For examghen acid mine drainage loaded
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with ferric iron and metals is mixed with neutratfeice and ground water or reacted with
calcite in soils, sediments, and aquifers’' Bmd trace metals are co-precipitated
simultaneously. Iron oxidation/precipitation magyail in natural aquatic environments,
and thus trace metals are likely coprecipitated.

Although numerous Pbadsorption experiments have already been conducted
(e.q., Balistrieri and Murray, 1982; Gadde andibait, 1973; Hayes and Leckie, 1986;
Kinniburgh et al., 1976; Lutzenkirchen, 1997; Rasd Bianchimosquera, 1993;
Swallow et al., 1980; Trivedi et al., 2003), st coprecipitation are scarce and
sporadic (e.g, Ford et al., 1997; Ford et al., 198&tinez and Mcbride, 1998; Martinez
and Mcbride, 2001). Direct comparison of Pb ADS @RI contact methods are even
scarcer (Schultz et al., 1987). However, it is intgat to compare the CPT and ADS
methods.

First, sorption behaviors for some metals are difiewhen they are prepared
using the CPT or ADS “contact method”. Previousk&mows that sorption isotherms
and sorption pH edges prepared with ADS and CP€&raxental procedures are
appreciably different for Cii sorption onto hydrous iron and aluminum oxides
(Karthikeyan et al., 1997; Karthikeyan et al., 199%°* sorption onto ferrihydrite, and
Ni?* and CF*sorption onto hydrous iron oxides (Crawford et 593), with
coprecipitation being the more efficient processmetal removal from aqueous
solutions. CPT sorption edges are located up tpH.Gnits lower on the uptake-pH
diagrams, and at the same sorbate/sorbent rattal opake is enhanced in CPT systems
as compared to the ADS system (Charlet and Mand®82, Karthikeyan et al., 1997;

Waychunas et al., 1993). However, to illustratedbmplexity of the metastable system
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and metal specific nature, CPT and ADS sorptioresagjth Zri* on iron oxyhydroxide
(Crawford et al., 1993) and €uon hydrous aluminum hydroxide (Karthikeyan et al.,
1997) show no appreciable differences, and cortt@gi experimental results for CPT-
ADS have been found for €lonto iron-oxyhydroxide sorption edges (Karthikeyan
al., 1997; Swallow et al., 1980).

Second, whether or not CPT may represent more pmemhaequestration of toxic
metals in iron oxyhydroxide from the environmen&msimportant question. The first iron
oxyhydroxide to be precipitated from aqueous soiuis commonly ferrihydrite, a poorly
ordered and metastable phase, which will subselyueansform to highly ordered
phases (e.g., goethite and hematite) over timen@iceind Schwertmann, 1996). The
transformation of metal-ferrihydrite coprecipitatesmore ordered phases may lead to
structural incorporation of sorbed metals (see sargnm Cornell and Schwertmann,
1996), resulting in apparent irreversible sorptorlesorption hysteresis.

This paper follows our earlier report on the EXA$t8dy of the structure of the
coprecipitated Pb onto nano-particles of iron oxiroyides (Kelly et al., 2008), and
presents companion laboratory experiments of smr@thd desorption of Pbonto iron
nano-particles with CPT and ADS contact methodghHResolution Transmission and
Analytical Electron Microscopy (HR TEM-AEM), and @ghemical modeling study of
coprecipitation of P8 with ferric iron. EDTA extraction experiments petrabmparison
of the strength of Pb association with nano-pasidf iron oxyhydroxides from the ADS
and CPT experiments. To investigate the relatiabilty of sorbed Pb in the
environment, sorbents from both ADS and CPT expamisiwere aged at 6Q for 14

days and at 98C for 24 h. Desorption experiments were conductginaon these aged
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solids. Finally, we attempt to integrate sorptiolge measurements with advanced
electron microscopy. The macroscopic chemistry dat@ring a wide range of
conditions supplement the molecular scale EXAFSHIRTEM data for elucidating the
Pb-Fe coprecipitation mechanism and developingaatipative model for the

partitioning of PB" between aqueous solution and iron oxyhydroxides.

Table 1. Titration Experimental Conditions

HFOFe Pb Fe:Pb  Total stron(Total Surface Pb/Pb+Fe inpH Eq TimeBackgroun
(g/LY(mM) (mM) total sites weak sites loading precipitates (hr) solutions
(moles}  (moles}  (%)® (mM)

Batch A 0.475.25 0.37 1:0.07 2.62xF0 1.05x10° 35% 24 10 KNQ@
Batch B" 0.485.43 0.70  1:0.13 2.72xF0 1.09x10° 65% 24 10 KNQ@
Batch C 0.566.27 0.10 1:0.02 3.14xF0 1.25x10° 8% 0.03 24 10 KNQ
BatchD 0.515.77 0.37 1:.0.06 2.89xF0 1.15x10° 31% 24 10 KN@
BatchE 0.6 6.77 0.73 1:0.11 3.39¥101.35x10° 53% 0.16 6'/5.25* 30 10 KNG,

Svalues if 100% precipitatedUsed for TEM and * for EXAFS study. All studies dsee(NQ); and
Pb(NQy),. ‘Ferrihydrite gel aged for 48 hours subsequently tiseadsorption studies within a further
48 hours!Total strong sites were calculated with 0.005 &ites (Dzombak and Morel, 199G otal
weak sites were calculated with 0.2 sites/mol (Dzakand Morel, 1990§Surface loading = (Total
Pb concentration)/(Total strong sites + Total weitds).
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Figure 1.Comparison of adsorption (Batch A and B) with cajpitation experiments
(Batch C, D and E). 10 mM KN{as background solution. Total Fe concentratioresar
from 5.25-6.77 mM).

3.2. Desorption Experiments at Room Temperature

The amount of P8 extracted from the Pb-loaded sorbents increaselyapith
increasing strength of EDTA at low EDTA concenwas for 1 h contact time, but
leveled off at EDTA concentration of > ~ 0.003 Mgr$ficantly more Pb was extracted
from the sorbents from the adsorption experiméraa the sorbents from coprecipitation
experiments when the concentrations of EDTA argetlesn 0.002 M (Fig. 5). Caution
must be exercised that the reported fraction obHke extracted/dissolved in extraction
experiments may be underestimated because of po&ssl of solid during separation.

P may be desorbed from the sorbents by both forBDA-PI** aqueous

complexes and by dissolving the iron oxyhydroxisiesstrate (sorbents) on which’Pb
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was adsorbed or with which Plwas coprecipitated. Therefore, the relationship/ben
dissolved F& and PB" is indicative to incorporation mechanisms of Hh the sorbents.
Figure 6 shows a linear relationship between thex@acted and Fe dissolved for CPT
solids with EDTA concentrations from 0.0003 to OMZ&and contact time of 1 h, but a
parabolic relationship for ADS solids. The differ@atterns of Pb versus Fe relationships
for ADS and CPT suggest that ADS and CPT are clhedrby different mechanisms.
About 90% of Pb was extracted when only about 15%eowvas dissolved for sorbents
from ADS experiments, but it took 30% to 40% ofdigsolution to release ~ 90% of Pb
from the sorbents in the coprecipitation experiraéhtg. 6). If enhanced Pb removal for
CPT method is simply attributable to an increassuiriace area or site density, more Pb
should be released in the CPT system comparee teolids from the ADS system.

If we assume that the sorbents in both CPT and &xferiments are spherical
(see the TEM section below) and Fe is uniformlyriisted in the sphere, a 5-nm
ferrinydrite sphere is reduced to 4.82, 4.64, add 4m if 10%, 20%, and 30% of
volume is reduced or 10, 20, and 30% of total Rfxénsphere idissolved, respectively.
This calculation suggests that Pb presents mairtigp 0.27 nm layer of a 5 nm diameter
domain (~15% of the bulk) in the sorbents fromARS experiments. 0.27 nm is
roughly the length of the Fe(lll)-O- bonds (Manceeud Drits, 1993). This indicates that

Pb is mainly surface bound in ADS solids.
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Figure 2.Comparison of model calculations with experimergablts. Solid symbols are
results from CPT experiments. Experimental condgiare listed in Table 1. The lines
were calculated with solid solution models.
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Figure 4.Comparison of F& solubility data (symbols) with modeling calculatiofiine).
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Equilibrium constants of Béhydrolysis were from Nordstrom et al. (1990). Sagon
calculation show that BeNO; complexes were not significant during all experitse
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3.3. Extraction Experiments after the Sorbents were Aged at High Tempenate (60
°C)

Figure 7 shows the results of extracegperiments after the sorbents were aged
at 60°C for 14 days. As shown in the next section, XRBepas show that the aged
sorbents are a mixture of goethite, hematite, ath2The fractions of Pb desorbed in
the ADS case increase parabolically with increa&ibdJ A concentrations and leveled
off at fractions ~0.6. The desorbed’Palso increase parabolically with the increasing Fe
concentrations (Fig. 7b). These results indicaae 5 was mainly associated with the
outer layer in the aged solids of ADS.

For aged sorbents from CPT experiments, there amech weaker correlations
between P concentrations and EDTA or Fe concentrations. @m#d argue that there
is a linear correlation between®land Fe (Fig. 7b).

Even with increasing EDTA concentrations, aboub8@6 of Pb was retained
with the CPT solids (residual) after the extracxperiments. This coincides with the
level off of dissolved Fe concentrations—crystalgoethite and hematite do not
dissolve more in increasingly concentrated EDTAIgohs (Fig. 7a). This correlation
between Pb and Fe indicates that Pb is incorpomatedhe hematite and goethite
structure (see XRD section below). In the proces§ésnsformation to more ordered
structures (e.g., hematite or goethite), part ofifdly be expelled from the inside of the
Fe structure and become mobile again. This expted®86 of Pb was easily to be

extracted even at low EDTA concentration (0.0003 M)
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3.4. X-ray Diffraction Data

XRD patterns of precipitates from CPT experimehtsasa mixture of
lepidocrocite and two additional broad peaks @saacing of 0.154 and 0.27 nm,
respectively (Fig. 8). These two broad peaks andasi to those of synthetic and natural
2-line ferrihydrite (2LFh, Schwertmann and Corn&$96). The formation of
lepidocrocite is likely due to the exclusion of £Qepidocrocite is favored to form in the
absence of carbonate. In the presence, howevehigoeill form over lepidocrocite
(Schwertmann and Taylor, 1972a; Schwertmann antbi,&y972b; Schwertmann and
Fitzpatrick, 1977; Schwertmann and Cornell, 199drn@ll and Schwertmann, 1996).
Lepidocrocite is relatively metastable with resgedts polymorphous, goethite but the
transformation to goethite is extremely slow at ambtemperature (2LFh, Schwertmann
and Cornell, 1996). The XRD identifications are sistent with TEM observations (see
below).

Ferrinydrite, a common iron oxyhydroxides in watesediments, soils, mine
wastes and acid mine drainage (Jambor and Dutl288), acts as an efficient
scavenger for trace metals (including Bland radionuclides (Jambor and Dutrizac,
1998) due to its high specific surface area anctirety (Dzombak and Morel, 1990;
Cornell and Schwertmann, 1996). Ferrihydrite is mmnly designed as “two-line” or
“six-line” on the basis of the number of poorly itkeid, broadened maxima observed in
X-ray diffraction (XRD) pattern (Cornell and Schwaann, 1996). However, latest
literature suggests the single phase and nanoltinyisganature of ferrihydrite (Michel et
al., 2007a; 2007b). The domain sizes ranged fren&nm (Michel et al., 2007a;

2007b), which is consistent with the TEM resultsho$ study (see below).
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XRD patterns of precipitates after CPT and ADS expents aged at 61 for 14
d and 95°C for 24 h were compared with synthesized 2-limeHgdrite aged at both 95
°C and 22°C for 24 h (Fig. 9), to investigate the phase tiamsation of precipitates
during aging at hydrothermal conditions. Synthekizdine ferrihydrite aged 24 h at 22
°C is shown as a base line. Synthesized 2-linehfgirite aged at 9%C for 24 h shows a
significant phase transformation from nano-crystalferrihydrite to crystalline goethite
and hematite (Figure 9). For solids after CPT abbAxperiments, the transformation
from lepidocrocite and/or nano-crystalline ferrilyel (Figure 8) to goethite and hematite
seems to be largely retarded compared with syrtbeés-line ferrihydrite aged at 96
(Fig. 9). Goethite formation seems to be suppresssdlids after ADS experiments aged
at 60°C for 14 d and 95C for 24 h. The retardation of phase transformatioe to the
presence of impurity foreign ions at the crystaivgih site was also noted in (Walton,
1967). Waychunas et al. (1993) found that the mesef arsenate ions poisoned the
surface of precipitating HFO, disrupting the normmaistallization process. Significant
amount of nano-crystalline 2-line ferrinydrite remed in precipitates after CPT
experiments aged at 6G for 14 d (Figure 9) and even more was remainedanof
ADS experiments. This may explain the phenomenanRb and Fe are easier to be
extracted in solids after ADS experiments than RT@xperiments after aging for 14 d at

60°C (Fig. 7).
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Figure 8. X-ray diffraction spectrum for precipéa after CPT experiments with
precipitates after ADS experiments (at’2). Precipitates aged 1 year after CPT
experiments were more ordered than freshly pretgstones. Lepidocrocite (ICDD: 44-
1415) and goethite (ICDD: 28-0713) are identifisda phases in addition to 2-line
ferrinydrite in precipitates after CPT experimeriise XRD pattern of precipitates after
ADS experiments are almost entirely amorphous aokl $imilar to that of synthesized
2-line ferrihydrite; no crystalline Fe or Pb phasese observed.
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°C). Goethite (FeO(OH), ICDD 28-0713) and hemati@@s, ICDD 89-0599) were

identified as the main Fe crystalline phases. XRReon of synthesized 2-line

ferrinydrite aged 24 h at Z&Z was shown as a reference for the position aemsitly of

amorphous phases.

3.5. High Resolution Transmission and Analytical Electron Microscopy

High-resolution electron microscopy of the solicsvi CPT experiments (ZZ)
shows two types of particles. The first typegafticles is spherical, with diameters
ranging from 2 to 6 nm; the majority of spheresageabout 5 nm in diameter (Figs. 10
and 11). Fast Fournier Transformation (FFT) ofithages (inset in Fig. 13) shows

severald-spacings, whereas two-line ferrihydrites (2LFhyénenainly two intense rings
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(Janney et al., 2000). These TEM results argua thfferent structure from 2LFh, or a
distorted 2LFh as compared to pure iron 2LFh. Jaehal. (2000) point out that the
commonly referred 2LFh include a variety of struetiand the structures vary from
particle to particle in a sample.

In addition to the small, spherical particles, déed or needles are also present.
The needles are 8-20 nm across by 200-300 nm éonajare crystalline. High-resolution
images show that the needles are composed of heuliipnains 2-3 nm across (Fig. 12).
FFT analysis of the image shows that the latticages of these small domains are
parallel but slightly offset, suggesting that afigent is the mechanism of aggregation
during crystal growth (Banfield et al., 2000; Petral., 2001).

No additional phases other than the iron oxyhydfesimentioned above were
found even though we examined many view fieldstanttreds of particles. From this,
we conclude that mechanical occlusion of fine phasi (e.g., PbO, Pb(OH)PbCQ) is
unlikely a dominant mechanism of coprecipitatiomur CPT experiments. It has been
suspected that lead hydroxide may form as an etrtiidocalized high pH in the reactor
during titration (Martinez and Mcbride, 1998b), UM data show that this does not
occur in our experiments. Theoretical modeling fmted, at high surface coverage, e.g.,
> 10%, that P may form a surface precipitate, which resemblesgolid solution
(Farley et al., 1985). In our Batch E experimetits,Fe:Pb molar ratio is 1:0.11. When
all the PB" is sorbed, about 53% of the surface sites areredweith PB*, according to
the surface site densities recommended by Dzomtkerel (1990). However, high-
resolution lattice images of our samples do nowsadlistinctly different phase at the

edges of the particles (Figs. 11, 12).
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STEM/EDX analysis shows that the clusters contan@; and Pb, with a ratio of
Pb to Fe close to that from the mass balance afisnlchemistry in the samples
examined (Fig. 13a). Over fifty EDX spectrums abowed no Pb-concentrated areas,
indicating that the Pb is homogeneously distribiffgd. 13b). The probe size for the
analysis was 0.5 nm at 1 nanoampere of beam cubmainthe specimen preparation did
not completely separate the individual grains dmealdfore most analyses sampled

overlapped particles.

4. GEOCHEMICAL MODELING

We evaluated whether surface complexation modelsalid solution models
can fit the experimentally measured sorption ed@les.geochemical modeling code
PHREEQC(Parkhurst and Appello, 1999) was used for the kition. The standard states
for the solids are defined as unit activity for @gplids at the temperature and pressure of
interest. The standard state for water is theagtivity of pure water. For aqueous
species other than,B, the standard state is the unit activity of thecges in a
hypothetical one molal ideal solution referencethfmite dilution at the temperature and
pressure of interest. Standard states for theudiges are the unit activity of a
completely unsaturated surface at the pressuréeamgerature of interest and for surface
species the unit activity on a completely saturatgfiace with zero potential with
reference to infinite dilution at tHe, T of interest (Sverjensky, 2003). The

thermodynamic properties used in the simulatioedisied in Table 2.
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Figure 10. TEM image of Béand PB' coprecipitates on holey carbon support. Two
types of particles are shown: spherical and ndéaie
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Figure 11a HRTEM image of F& and PB* coprecipitates with spherical shape. Each
particle is a well single crystallite. Patterns katéice images.
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Figure 11b. Selected Area Electron Diffraction (SAED) fromnroxide particles that
coprecipitated with Pb.
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Figure 12. HRTEM image of F& and PB" coprecipitates with needle like shape. (a) and
(b) HRTEM images. The tip of the needle is compagfedbmains with a slightly

different orientations. Black arrows indicate thigeptation of lattice images; and (c) fast
Fourier transform (FFT) images of the tip of a Rlaing iron-oxyhyroxide needle. The
FFT image shows two broad spots (white arrows)gssiing that each small domain has
a similar but slightly different orientations.

4.1. Surface Complexation Models

The generalized diffuse layer model (Dzombak andd/d990) were used for
modeling surface adsorption in the proposed stOdyer electrostatic surface adsorption
models have been proposed, e.g., constant capacia triple layer models, but all
electrostatic models can describe limited expertalesorption data sets (Venema et al.,
1996; Westall and Hohl, 1980). Models that use itgetype generally require more than
one complex species (e.g., Dyer et al., 2003). Duadnand Morel (1990), in their
treatise that provides a consistent theory andg ldatabase of self-consistent surface
complexation constants for adsorption on hydrouscfexides, reviewed Pbadsorption
experimental (ADS) data and developed a two-sitdehfor PE* adsorption, a "weak"

site and a "strong" site, through the reactions:
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=FEOH’ + PG*==F€OPL + H' (1)
=F&"OH° + PiF* = =F€"OPK + H' 2

where the symboE” denotes the surface site or functional grouginsic surface
complexation constants for reactions (1) and (@)ived from systematic evaluation of
the ADS data by Dzombak and Morel (1990), antf Rigdrolysis constants are listed in
Table 2. Other surface properties are listed indabThe generalized diffuse two-layer
model fit well our ADS experiment data (Fig. 3). &spected, the SCM predicts shifts of
pH sorption edges with different Pb:Fe ratios.

However, the same Dzombak and Morel's (1990) SCMehgrossly
underestimated sorption edges measured in the gbEriments (Fig. 14). Some workers
found the need for different, actually strongerdang constants to fit their own
adsorption experimental data (Ainsworth et al.,43yer et al., 2003). Dyer et al.
(2003) also developed a triple layer model, in Whirey used bidentate Plromplexes.
The increase of the complexation constant valuagehs the sorption edge and lower
the concentrations of P which will move the sorption edge to a lower pis shown
below, one hypothesis to explain CPT from ADS & @PT represents greater binding
strength because of multiple surface sites. Weddsiis hypothesis by increasing the
complexation constants for the weak site to theesproposed by Ainsworth et al.
(1994) and Dyer et al. (2003). However, the SCMainnot fit the CPT data.

We then increased the site density while keepihigla complexation constant for
the weak site. With a higher site dengity (0.9 mol sites/mol Fe versus 0.2 mol
sites/mol Fe in the Dzombak and Morel model for kvgige and 0.0225 mol sites/mol Fe

versus 0.005 mol sites/mol Fe for strong site) ntloelel matches well with our lower
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Pb:Fe ratio experiments (batch C and D), but nth thie high Pb:Fe ratio experiment
(Batch E) (Fig. 14). Dyer et al. (2003) found, frasotherms at pH 5.5 and 6.5, the
maximum Pb surface loading is approximately 0.854-mol Pb/mol Fe. Additionally,
the assumption of a higher site density in CPT et is not consistent with our
desorption experimental data, which show less ggisorthan from CPT sorbents than
ADS sorbents at low EDTA concentrations. Therefare can conclude that surface

complexation alone cannot fit the experimental aat.

4.2. Solid Solution Models
Modeling the coprecipitation as solid solution fation faces the challenge of the

lack of knowledge on stoichiometry of the solidwgmn. The stoichiometry of 2LFh is
controversial. Recently, Michel et al. (2007a) megd a structural formulae of
Fe 0014(OH), and the ideal form contains 20% tetrahedrally 0fth octahedrally
coordinated Fe. Our EXFAS work shows that incorfeatdb is mostly octahedrally
coordinated. The EXFAS data also show that the ntarger ionic radius of Pbas
compared to that of Béshift the PB* octahedra from the Fe octahedra sheet. Amid the
lack of soild solution stoichiometry and non-idgatiata, it is difficult to fit the
experimental data to a solid solution model. Ratiiés more prudent to use solid
solution models to examine the characteristicd-bsprption edges if the incoproation
mechanism is dominantly solid solution.

For solid solution modeling, it is assumed tlhat precipitated iron
oxyhydroxide has a nominal formula of Fe(Qfh) (Dzombak and Morel, 1990). CPT
was modeled as an ideal solid solution. A soliditsamh model takes the stoichiometry of

Fe(OH)e+ 3H = FE€" + 3H,0 ©)
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PbH(OHY + 2H" = PB* + 3H,0 (4)

Here, we assume that the one-for-one substitufi&od for F€'* is compensated
by an addition of Hinto the crystalline structure or a replacemer®bif for O* (e.g.,
Waychunas et al., 2002). When a Henrian standate st defined as hypothetical pure
PbH(OH))end members of the solid solution with an Fe(§dR)structure,
extrapolated from the infinitely dilute solutiorgiens where Henry’s law is obeyed, and
a Raoultian standard state remains for the Fe{@rt) member, the activity coefficients
for both Fe(OH) and PbH(OHys) are unity in the dilute solution regions where k&
law is obeyed for the tracer (Ganguly and Saxe8a7 )L

The above solid solution model was usenodel our Fe-Pb CPT experiments.
The solid solution models successfully predictP& concentrations in the low pH
range (pH < 5) on the concentration — pH diagrain. () but predict more Bb
partitioned into the solid solution than experinalata at higher pH values (Fig. 2b).
The mismatches probably result from above menti@maglistic assumptions about the
solid solution. The real benefit of solid solutimdeling is theoretical prediction of
invariant pH sorption edges in experiments witliedént Pb:Fe rations, regardless of the

specific solid solution models.

4.3. Solid Solution versus Surface Complexationé\éod

The markedly different sorption edgesdaprecipitation and adsorption
experiments (Fig. 1) call for different mechanidimsinterpreting the CPT from that for
ADS experiments. We used both surface complexatiodels and solid solution models
to simulate the CPT experiments. Theoretically sindace complexation models predict

that sorption edges for higher Pb:Fe ratios wilvento higher pH and the sorption edge
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will become flatter; the solid solution model, haiee predicts that the sorption edges
are invariant with regard to Pb:Fe ratios. Hencedaling results add macroscopic
evidence that the dominant mechanism fd Riptake in the CPT experiments is the
formation of Pb-Fe solid solution. However, the tsayption mechanisms—solid
solution and surface adsorption—may not be mutweadgtusive in CPT experiments. A
combination of surface complexation and solid solutodels to fit the CPT data has
been tried, but the results are almost identicthdse of solid solution only that suggests

the influence of surface complexation is insigrifit

50

Fe B EDXHAADF Detector Point 1

40+

Counts

5 10 15 20
Energy (keV)

Figure 13a.EDS Spectrum data show that'Pis associated in the freshly co-
precipitated solids. Cu is from TEM grid, and carl®used in coating. The spectrum
data also show no other chemical constituentsdarcthprecipitates.
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Figure 14.Modeling coprecipitation experiments with surfacenplexation models.
Solid lines are models with site density value8.8fmol/mol Fe for weak sites and
0.0225 for strong sites. Dashed lines are modd).ftf mM Pb for comparison with
HFO surface properties from Dzombak and Morel (3902 mol/mol Fe for weak sites
and 0.005 for strong sites).
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Table 2. Equilibrium constants used in modeling

Species Reactions Ldg Ref
Aqueous species
FeOH™ Fe" +H,0 = FeOH"' +H* -2.19 a
Fe(OH)" Fe* + 2H,0 = Fe(OH)" + 2H' -5.67 a
Fe(OHY° Fe* + 3H,0 = Fe(OH)® + 3H" -12.56 a
Fe(OH), Fe* + 4H,0 = Fe(OH) + 4H" -21.6 a
Fey(OH),> 3F€" + 4H,0 = Fg(OH),>* + 4H" -6.3 a
Fey(OH),* 2F€* + 2H,0 = Fg(OH),*" + 2H" -2.95 a
PbNG;* PK* + NOy = PbNQ" 1.17 d
PbOH PK* + H,O = PbOH + H' -7.71 d
Ph,OH** 2PK" + H,O = PROH®** + H' -6.36 d
Pb(OH)° PE* + 2H,0 = Pb(OHY® + 2H' -17.12 d
Pb(OHY PE* + 3H,0 = Pb(OHY + 3H' -28.06 d
Pb(OH)* PE* + 4H,0 = Pb(OH)? + 4H' -39.70 d
Surface species
Hfo_wOH," Hfo wOH + H = Hfo_wOH," 7.29 b
Hfo wO Hfo_wOH = Hfo_wO + H" -8.93 b
Hfo_sOPB Hfo_sOH + PB'= Hfo_sOPB + H+ 4.65 b
Hfo_wOPH Hfo wOH + PB*= Hfo_wOPH + H+  0.3/1.23 b
Hfo_wOH," Hfo wOH + H = Hfo_wOH," 6.43 g
Hfo wO Hfo_wOH = Hfo_wO + H" -9.75 g
Hfo_sOPB Hfo_sOH + PB'= Hfo_sOPB + H+ 2.5 g
Hfo_wOPH Hfo_wOH + PB*= Hfo_wOPB + H+ 1.0 g
Solid species
Pb(OH) Pb(OH) + 2H" = PE*+ 2H,0 8.15
Fe(OH)(a) Fe(OH)(a) +3H = F€*+3H,0 5.6 c
SPbH(OH) PbH(OH) + 2H" = PEF*+ 3H,0 6.33 e

a: Nordstrom et al. (1990); b: Dzombak and Mor@&9@); c: Wagman et al. (1982). d:
Ball and Nordstrom (1991); e: retrieved from expental data in this study. g: Dyer et al.
(2003).%Solid solution componentsAinsworth et al. (1994)
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Table 3. Surface properties for HFO used in this study

Properties Values
Site density (mol/mol Fe)
N weak(w) 0.2 09 0.2
strong (s) 0.005 0.00% 0.005
Surface area (ffg) 606 60 60CF
Mol wt (g/mol) 89 8P 8¢

8Dzombak and Morel (1990)Dyer et al. (2003)°This study.

5. DISCUSSION AND CONCLUSIONS
5.1. Hypotheses of Coprecipitation

Laboratory studies have shown that for some sysiesatsoscopic sorption
behaviors (including pH-dependent sorption edgeseaitent of uptake) differ if the
contact method is CPT versus ADS (Charlet and MauncE92; Crawford et al., 1993;
Karthikeyan et al., 1997; Karthikeyan and elldi®99; Waychunas et al., 1993). The
differences or similarities are often assumed todwesed by the atomic environment of
the trace metal upon sorption to the host matddiffierent mechanistic explanations
have been offered:

(1) CPT represents enhanced surface area or silelaity (Corey, 1981;
Crawford et al., 1993; Karthikeyan et al., 199t)eTature of the sorbed metal-(O,0OH)-
Fe bonds appear to be the same on the two sulsstraggared with ADS and CPT
methods;

(2) CPT represents a greater binding strength figaviultiple surface site types)
over a simple precipitate surface (ADS having glsisurface type) (Crawford et al.,

1993; Taylor, 1973); and
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(3) CPT represents solid solution formation by lyeaetals incorporation into
the hydrous oxide lattice (Karthikeyan et al., 199fartinez and McBride, 1998).

In our companion study of EXAFS on solids colledtenn the same
experiments, Kelly et al. (2008) showed that Pinfed a solid solution in the Pb-Fe
coprecipitate. Our conclusion was based on theefinement of the Pbj-edge and the
Fe K-edge EXAFS spectra with the same local at@migronment. The larger atomic
size of Pb as compared to Fe was accounted foeimbdel of the Feg3heet structure
by displacing the Pbgunit perpendicular to the sheet by 0.30 + 0.020kfthe Fe@
unit position.

In previous studies, Crawford et al. (1993) showét their calculation (their
Figure 8) that the increase in effective surfaeaavould need to be at least one order of
magnitude larger to account for the increase reiadile by CPT method. Their
calculations weakened the assumption of enhanaéatsiarea or site availability to be
the mechanism of the difference between CPT and.AB%en (1985) and Waychunas et
al. (1993) suggested CPT increased adsorptionleitsity of that of ADS. However, our
desorption experiments contradict to this hypothasexplaining our experiments.

Recent studies favored the third explanation (sssidtion formation) as the CPT
mechanism. Charlet and Manceau (1992) employedh@ateX-ray adsorption fine-
structure spectroscopy (EXAFS) to demonstrateith@PT Cr(lll) atoms are
incorporated into the HFO matrix so that a solidigon, Fe ¢¢Cro.0:O0H(s), forms with
different structure and solubility than either p@gOH)(s) or Cr ADS with HFO.
Spadini et al. (1994) proposed the formation ofixeeh phased-(Cdy gof€).999 OOH]

using EXAFS when Cd was CPT with goethite. Karthikeyan et al. (199®gested
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some Cu substituted into the HFO lattice because @a was incorporated internal to
HFO flocs during CPT than during ADS.

Whether or not CPT and ADS may represent more peniaequestration of
toxic metals in from the environment is an impottgmestion. Commonly, ferrihydrite is
the first phase to be precipitated from an aquéetissolution. Ferrihydrite is poorly
ordered and metastable. Over time, ferrinydriteaissformed to more ordered phases
(e.g., goethite and hematite) (Cornell and Schwentm1996). This transformation can
lead to structural incorporation of the trace ngtedsulting in irreversible sorption also
called desorption hysteresis (Cornell, 1988; Ctrda@€01; Cornell et al., 1992; Ebinger
and Schulze, 1990; Kumar et al., 1990). A studyimgworth et al. (1994) suggested
Cd* incorporation into the recrystallizing HFO struetafter long reaction times and

transformation to goethite.

5.2. A Hypothesis for Pb-Fe Coprecipitation Meclsami

There is little ambiguity that copratagion and adsorption contact methods have
produced different Pb uptake mechanisms by nano-particles of iron oxytwides.
Multiple lines of evidence provided above pointhat the predominant mechanism for
Pb-Fe coprecipitation is solid solution formati@Qur HRTEM observations have
conclusively ruled out the presence of segregatguPb concentration phases either
inside the iron oxyhydroxide phases or at the edgessirfaces of these phases at the time
of examination. HRTEM observations also show ttedt first precipitated out as nano-
particles of 2 — 3 nm in diameter at pH around 3#one pH unit higher (~4), Bb

started to be adsorbed onto these nano-partidhesinitial adsorption explains the pH
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lag for Fé" (Fig. 4) and PB (Fig. 1 and 2) removal from the aqueous solutiom the
coincidence of sorption pH around 4 for both CP@ ADS experiments. The access to
the smaller incipient particles during the CPT ekpents explain the more efficient

removal of PB" in CPT experiments than the ADS contact methods.

HRTEM shows that a coalescence prooessrred shortly after, and the 2-3 nm
domains assembled to form larger particles of legiocite and 2-line ferrihydrite.
During the coalescence process’ Rims trapped within the iron oxyhydroxide structure
and formed Pb-Fe solid solutions. The formatiosaid solutions must have occurred <
24 h because the CPT pH sorption edges measused®dfh show invariance regarding
sorbate/sorbent ratios, a characteristics of salidtion as the sorption mechanism but
not surface complexation mechanisms from the thieatgoint of view. Desorption
experiment data on the Pb-loaded precipitates ft&h and ADS showed most sorbed
PL** onto ADS sorbents was desorbed in dilute EDTAtgms while only a small
percentage was desorbed from CPT sorbents. Ak tmegroscopic chemistry data—and
they are far more abundant and cover a wide rahgenalitions than molecular
information obtained with HRTEM and EXFAS—conformthe EXFAS data that Pb-Fe
formed a solid solution in Pb-Fe CPT experimen¥AES data show that the much
larger PB" ionic radius result in Phf®ctahedra protruding 0.30 A perpendicular to the

FeQ; sheet.

After Pif*-loaded sorbents from CPT and ADS experiments agee for 14
days at 60C and 24 h at 98C, the sorbents from both ADS and CPT were tranmsdar
into goethite and hematite. Compared with contxpleeiments on Pb-free 2LFh, the

transformation was retarded. Desorption experimemtsv that more loaded Plwas
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permanently incorporated into goethite and hematitgctures in CPT sorbents than
ADS sorbents, although both solids sequestratedt&@50% loaded Ph These results
are generally consistent with previous aging stidie®5* adsorption onto hydrous
ferric oxides (HFO) (Ainsworth et al., 1994) andmecipitated with HFO (Ford et al.,
1997). Previous work attributed these retained Imébeeither structural incorporation in
the more crystalline phases or formation of aggeeghase (Ford et al., 1997,
Karthikeyan et al., 1997). Our TEM conclusively shibat there are no segregated
phases. Our data suggest that CPT contact metesal$ in more permanent removal of

PK** by iron oxyhydroxides in the environment.
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COUPLED PLAGIOCLASE DISSOLUTION AND SECONDARY MINERAL
PRECIPITATION IN SUPERCRITICAL CO , SATURATED SOLUTIONS

1. Introduction

Injection of CQ into deep geological formations is presently eayexl as one
means of sequestering g@leased from the burning of fossil fuels in pogweneration
facilities (IPCC, 2007a; 2007b). Candidates forghi#able formations include deep
saline aquifers in sedimentary basins, depletedrmligas fields, and unmineable coal
seams (IPCC, 2005). Deep saline aquifers curreatigive a great deal of attention
because of their common occurrence, large volunpe space available, and potential
for long-term hydrodynamic trapping of GAOE-NETL, 2008). Injected CLQwill
dissolve into the native formation water, making bnine corrosive and therefore
aggressively reactive toward the native minerals.

Feldspars are abundant in both sandstone (reseoetiy and shale (caprock). For
example, the Mt. Simon Sandstone, a potential tdogearbon sequestration in the
Midwest of the U.S., contains about 22% feldspBi&g$son et al., 1998). Eau Claire
Shale, the caprock for Mt. Simon Sandstone, cositamaverage of ~ 20 % feldspars
(Becker et al., 1978). Although feldspar dissolutiates are usually slow (in the order of
10%to 10 mol m? s%) in the temperature range relevant to geologiagb@n
sequestration (Blum and Stillings, 1995), the eixténvater-feldspar reaction will be
significant because (1) the brine will be acidR), the time scale for successful, safe
storage of CQin a sequestration site is in the orders of 1{00000,000 years, and (3)
feldspars are abundant. In general, the dissolatideldspars is likely to increase
porosity and thus enhance £@obility and accelerate further geochemical reastj but

the formation and mobility of clay minerals may emsely affect permeability (Emery
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and Robinson, 1993; Rogen and Fabricius, 2002ziStiaet al., 2006; Worden and
Morad, 2003).

Numerous laboratory experiments hawnlperformed to measure the
dissolution rates of feldspars (Blum and Stilling895; Brantley, 2008). As a result, a
significant amount of experimental data is avagatrh the dissolution of feldspars at far
from equilibrium conditions or with specific aqueotoncentrations and the free energy
of reactions (Blum and Stillings, 1995; Brantle@08). However, dissolution of
feldspars will increase the solution concentratiad lead to the precipitation of
secondary minerals. The dissolution of primary mateand precipitation of secondary
minerals can be coupled together through the fneegy term and through the evolution
of surface areas (Zhu, 2009; Zhu et al., Submitted)

While dissolution rates are best measured with chit@v reactors (Brantley,
2005; Oelkers et al., 2001), batch experimentsreme suitable for studying the
precipitation of secondary minerals, temporal etrofuof the solution, and reaction
extent (Alekseyev et al., 1997; Fu et al., 20093 Zhd Lu, 2009). The coupling between
silicate dissolution and secondary precipitationm loa deciphered even though it is much
more difficult to decipher reaction mechanisms. M/many batch reactor experiments
have been performed for olivine and serpentiner(@ar et al., 2005; Golubev et al.,
2005; Mcgrall et al., 2006; O'connor et al., 20B@krovsky and Schott, 2000; Wogelius
and Walther, 1991) and wollastonite (Daval et2009; Golubev et al., 2005; Huijgen et
al., 2006), data are still lacking for feldspars-e-thost abundant minerals in the earth’s
crust. In addition, the majority of experimentsogpd in the literature did not collect the

secondary mineralogy data, and some did not cdtecsolution chemistry data.
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Acquiring both solution chemistry and secondaryemahinformation are critical to the
value of an experiment.

In the past a few years, this data gap is partidlied by the new experiments and
modeling studies by Zhu and collaborators (Indidnaversity, University of Minnesota,
and NETL). These authors have conducted batch iexgets of alkali feldspar
hydrolysis and have collected both solution chemishd secondary mineral data (Fu et
al., 2009; Lu et al., To be submitted; Zhu and2009). With both solution chemistry
and mineralogical data, Zhu and co-workers were ttbinake conclusions that the
partial equilibrium assumption does not hold inféddspar hydrolysis experiments, and
the coupling of dissolution of feldspar and secondaineral precipitation result in a
negative feedback and slow down further dissolutibiine feldspars (Zhu, 2009; Zhu
and Lu, 2009; Zhu et al., Submitted). These regqaist out that it is likely that the
predicted feldspar-C&brine reactions in the current reactive mass prarisnodels for
carbon sequestration without the consideratioroef teactions are coupled have over-
predicted the extent of reactions (e.g., exterfélospar dissolution, clay precipitation,
and mineral trapping, acid buffering capacity, andosity/permeability variations).

However, the new experimental data are only foalafkeldspars, and the GO
partial pressure used in their experiments areclomvpared to Cinjection and
reservoir conditions. The dissolution and precttareactions involving plagioclase
feldspars, which contain calcium (ppresent another challenge: not only secondary
minerals like boehmite (AIO(OH)), kaolinite, andragonite, would precipitate, calcite
and dawsonite may also precipitate under p@l, conditions. The relationship among

plagioclase dissolution, clay precipitation, ancboaate precipitation would be complex.
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For example, where precipitated carbonate minevill®e located? Will the carbonate
mineral precipitation affect overall feldspar disgion rates? What are the effects of
carbonate formation on the coupling of feldspasalistion -- aluminosilicate secondary
minerals precipitation? These relationships hawenikbeen examined before, but
nevertheless important for the performance assegshéhe CCS projects. In addition,
as the concentrations of NaCl solutions (0.5-4 M) @CO, are high, dawsonite is
expected to form. However, dawsonite precipitakimetics needs to be investigated as
this is one of the most common product phases wienical simulations for geological
carbon sequestration and yet is not a common gizserved in experiments or in
geological systems (IEA, 2008).

Therefore, | propose to conduct a series of laboydatch experiments that will
dissolve plagioclase (e.g., labradorite), precipitalcite, dawsonite, and secondary
aluminosilicate minerals. These experiments wilbbét upon our work in the past five

years, and will be integrated to the modeling wbik we have been pursuing.

2. Background and Rationale

When CQ is injected into geological formations, €®ill be dissolved into
native brines and the pH of brine will be loweredibout 3. The acidic brine then
aggressively dissolves the minerals that are ajrgathe aquifer (termed primary here)
and precipitate secondary minerals.

In the example of labradorite dissolution, we cewwit as two processes:

Dissolution reaction:

Plagioclase
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CaeNap sAl1 ¢Sip 40g + 5.4H + CO, = 0.6C&* + 0.4Nd + 1.6AI” + 2.4SiQ g +
HCO; +2.2H0

Precipitation reactions:

Boehmite

AP + 2H,0 = AIOH +3H'

Kaolinite

2AF + 2SiQyag + 5HO = Al,Si;Os(OH), + 6H'

Paragonite

N& + 3AP* + 3 SiQag) + 6H0 = NaAkSizO1(OH), + 10H

Calcite

C& + HCO; = CaCQ+ H'

Dawsonite

N4+ AP* + HCOy + 2H,0 = NaAICQ(OH), + 3H'

The dissolution — precipitation pro@sssan alter the reservoir’s porosity and
permeability, and injectivity if it happens neae tivell bore, which can either enhance or
compromise the integrity of the caprocks. Althoumghclear guidance as how long the
performance assessment period is from federal &geribe likely period is in thousands
to hundreds of thousands of years. This long perdoice period make the chemical
reactions with minerals that are not very reactilg® important for carbon sequestration.

Feldspars are the most abundant silicate minenal€amprise over 50% of the
volume of the earth’s crust. Dissolution of feldspean also release €awhich can
form carbonate precipitates. This is the most ddsitonsequence of G@jection

because carbonate solids are immobile and are pentip stored in deep geological

343



formations without the risk of seeping back to sheface. As pointed out by the NRC
workshop report (NRC, 2003), this is a natural pescof weathering. However, the key
to the carbon sequestration program is an undelisgof the reaction kinetics and how
to accelerate the process.

Another consequence of silicate reaction aftep ©§@ction is the change of
porosities in the geological formation, which cdterathe patterns of fluid flow and cause
formation damage. Strazisar et al. (2006) dematestiihat the magnitudes of porosity
changes are closely related to the kinetic parasesed in the model.

However, evaluation of the effects of these reastis a challenge. It runs into
one of the fundamental problems in modern geoctigmtbe persistent two to five
orders of magnitude discrepancy between laboratwgsured and field- derived
feldspar dissolution rates (see reviews by Blumtilings, 1995; Drever and Clow,
1995; White, 1995; Zhu, 2003). As shown by Strazital. (2006) in their assessment of
the possible reactions of injection in the Albdyésin, Canada, the use of laboratory and
field based rates result in drastically differerttdal predictions. Thus, the lack of proper
values of the kinetic parameters is one of the nrajad blocks for evaluation of
geological sequestration.

A number of experimental designs have been useméaisuring silicate
dissolution rates, including batch, continuousigrest, plug flow, and fluidized bed (see
review by Brantley and Chen, 1995). However, theary focus has been to derive the
dissolution rates from steady state chemical coritipns. In such experimental designs,
feldspars are dissolved far from equilibrium ancoselary mineral precipitation is

avoided.
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However, if secondary mineral precipitation is tage-limiting step in geological
systems (Zhu et al., 2004), a different experinlaigaign is necessary to test this
hypothesis, which will traverse to the oppositediion of the prevailing practice. Our
experiments are therefore designed to allow theijtation of secondary minerals and
to allow the solution to approach equilibrium wispect to the dissolving mineral being
tested Our working hypothesis is, thus, that the rate tams from numerous previous
experimental measurements are valid; and experiahelata can be modeled using these
rate constants, together with the information ofvireactions are coupled revealed from
these experimental daf&anor et al., 2007; Zhu et al., submitted).

Recently, Daval et al. (2009) conducted batch empats of wollastonite
carbonation at 98C and 150 bargCO,. They observed alternative layers of calcite and
amorphous silica coating on the wollastonite sefahether such coating layers are
porous and permeable or acting as diffusion bardepend on solution chemistry
conditions. Mineral carbonation experiments perfedrat NETL (Fauth et al., 2001),

Los Alamos (Carey et al., 2003), and the Albanyedesh Center indicated that the
precipitation of carbonate, which rings aroundsbhgace of dissolving silicate, may slow
or stop the carbonation reactions (NRC, 2003).diksolution and precipitation
processes are thus coupled, through either cheprice¢sses (the slowest reaction
controls the overall reaction) or physical procegs&fusion through the precipitate

rinds).
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Figure 1.Backscattered SEM images of cross-section of Woltete grain after 2 days

of reaction in circum-neutral pH conditions (sam@k®). Note the succession of the inner
intact core of reacting wollastonite, a fracturagdr composed with calcite and silica,
and the compact continuous and poorly permeabliéngoaf calcite(from Daval et al.,
2009).

Our proposed research is thus a significant deparfrom the state-of-the-
practice approaches to the kinetics problem. Theehyp of our approach lies in both
experimental design and use of sophisticated geoiclaé models to interpret the
experimental data. The results from our approadahraore realistic representations of
chemical kinetics for reactions that will occurdeep geological formation upon
injections of CQ.

In addition to the long-term controversy betweetdfiand laboratory rates, there
is a general lack of experimental data at condstipertinent to the geological carbon
sequestration program (Fig. 2). The reactionsmantito geological carbon sequestration
occur in about 50 to 151, high CQ pressure, and in saline brines. Although high CO

concentrations might suggest pH lowering and map&rdissolution of primary

aluminosilicates, these conditions may enhancéduthe stability of clay minerals and
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carbonate minerals, with attendant effects on ttezadl reaction rate schemes.
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Figure 2. Experimentdl-P conditions compared with, P ranges relevant to geological
sequestration (40-20C, 20-1000 bars, or 2-100 MPa, gray shaded ar@ayisuposed
on carbon dioxide phase diagram (data from Bruba@®®6). Total pressure in the
system instead @CQO,; is used for representing experimental data.

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

With these goals in mind, we have devised an intie@xperimental and
theoretical interpretation program to address thiegent and significant outstanding

scientific issues facing the carbon sequestratfogram.
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3. Project Description

Different aspects of this study are designed toestdall of these issues, and they
are organized as three tasks below:
Task 1: To conduct a time series of experimenfsldEpar dissolution — secondary
mineral precipitation under reservoir conditions;
Task 2: To conduct detailed mineralogical analg$iaction products, textures, and
micro-chemistry at a detailed level using new X-d#fraction, Field Emission Gun-
(FEG)-Scanning Electron Microscopy (SEM) and FE@#fiBmission Electron
Microscopy (TEM) techniques;
Task 3: To use reaction path models to simulatetioeg rates, and processes in the batch
reactor to understand the coupling between dissol@ind precipitation reactions.
3.1 Task 1: Experiments

Labradorite (Lake County, Oregon) will be purchaBech WARD’S Natural
Sciences Establishments, Inc. The feldspar crysitilise handpicked, ground with an
agate mortar and pestle, and subsequently drydstevetain the fraction between 50
and 10Qum in size. For the freshly ground material, theilelve a large number of
submicron-to-micron particles that adhered to tiéase of large grains. Dissolution of
these ultra-fine particles will result in initialhyon-linear rates of reaction or parabolic
kinetics (Holdren and Berner, 1979). To removeelticles, the sample will be first
ultrasonically cleansed using analytical gradeaeztThis will be performed eight times
on each aliquot for about 20 min per treatment. dleaned labradorite grains will be

finally rinsed with deionized water and then freelzied. Before experiments, feldspar

348



sample will be kept in an oven at 105 °C overnighgxclude possible organic
contamination (Fu et al., 2009).

The key feature of the batch experimenthescapability to continually monitor
the fluid chemistry co-existing with the minerahctants. These experimental data are
generally superior to those derived from samplélected after the reactors are cooled
down because backward reactions may occur duriolinep

The batch experiments will be performed using fiecell hydrothermal
equipment (Seyfried et al., 1987). In brief, thatcal element of this experimental
approach involves a gold reaction cell with detdéihdi-closure. This arrangement
allows easy access to the reactants at the ende{periment. More importantly, the
flexible cell permits on-line sampling of the aqueghase at constant temperature and
pressure simply by adding water, in an amount edeint to the sampled fluid, to the
region surrounding the reaction cell (Fig. 3).

A Beckman Coulter SA-3100 surface area analyzéreilsed for BET surface
area analysis of feldspar sample before experim&htssamples will be degassed at 250
°C overnight prior to measurements. The instrumeihbe calibrated before and during
measurements periodically, using National Instibft8tandards and Technology
reference material 1900, a silicon nitrite powdéhwurface area of 2.85%g.

Multipoint N, gas adsorption isotherms will be measured to oltke specific surface

area (from experience it will be around 0.13gh
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Figure 3. Schematic illustration of the flexible cell reaxti
system (8YFRIED et al., 1987), which will be used for the
proposed mineral dissolution/precipitation ratelgtu

The chemical compositions of feldspar will be detieed by wavelength
dispersive electron microprobe using a CAMECA SX&rument. Operation
accelerating voltage will be 15 kV while beam catrand beam size will be 15 nA and
~1 um, respectively.

Fluid samples taken from the reawitl be analyzed for major and some
minor dissolved constituents. Dissolved cation$ bélanalyzed with inductively
coupled plasma mass spectrometry (ICP-MS). Aniati$eranalyzed by ion

chromatography. Experimental run products will éeieved and characterized with a
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variety of microscopic and analytical techniquesg$elow). The feldspar and aqueous
solutions will be loaded into a flexible Au/Ti reem cell, which will be placed in a
steel-alloy autoclave, following procedures destim Seyfried et al. (1987). Thus,
internally filtered fluid samples could be recowefeom the reaction cell contents any
time during an experiment.

The experiments will be conducted at 30020 MPa, with 0.5-4 M NaCl
solution to mimic prevailing reservoir conditiod$e solubility of CQ under such
conditions is close to 0.56-1 M (Duan et al., 20@®) the pH is near 3. A series of
identical experiments will be carried out with ese€Q to buffer the pH and the

sampling interval will be at 1 h, 3 h, 6 h, 12 iJ,110 d, 30 d, 60 d, and 120 d.

3.2 Task 2: Mineralogical and Electron Microscofbaracterization of Reaction
Products and Mineral-clay Interfaces

Reaction products from batch reactors will be stigated by an array of
sophisticated techniques for mineral analysisatit,fmineral separates will be
investigated using SEM (phase relationships andseimorphology), electron
microprobe, and XPS (surface chemistry), as weligh-resolution TEM (structure and
chemistry).

Overall, we anticipate a total of 10 to 15 inteegstudied samples. In a
progression from lower magnification to high-resmno microscopic techniques,
standard petrography using thin sections, XRD, S&hd, electron microprobe will be
used to determine the size, composition, and almoedaf minerals. FEG-SEM and
HRTEM will be used to examine the micro-texturecroistructures, and compositional

gradients at the phase boundaries at a nanometierresolution, with an emphasis on
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the feldspar-clay-carbonate interfaces (HochelthBanfield, 1995; Veblen, 1991). The
interfaces are not necessarily confined to thengedpes, as extensive internal porosity

and micro-channels often develop (Hochella and iB&hf1995).

3.2.1. X-ray diffraction

X-ray diffraction gives the definitive identificatm of secondary mineral products.
Powder X-ray diffraction analyses will be carriadt asing a Bruker D8 Advance
diffractometers, equipped with a Cu anode at 2@kef 5 mA, and with a SolX energy-
dispersive detector. The scan parameters usetevillto 70° @, with a step size of
0.02° @. Two different sample preparation methods wilkbeployed: “cavity mount”
and “slurry mount”. For the cavity mount, startsgmples will be ground by hand in an
agate mortar and pestle to get sufficient smatiggas. These particles will be
subsequently filled into the cavity of a titaniuemgple holder for XRD analysis. For the
slurry mount, reaction products will be immerse@@m DI water in a plastic vessel (25
ml volume) and ultrasonicated three times for 15 teimyper treatment with 15 minutes
interval. After the final ultrasonication, the sadegpwill be allowed to settle overnight.
Then, a pipette (0.5Involume) will be used to carefully suck out theparssion and a
syringe filter unit with silver filter membrane Wwide employed to collect the clay
minerals. The filter unit will be aided with a vaoua system. After filtering, the silver
membrane (with the slurry) will be carefully remdvieom the filter unit. The slurry
(clay with water) on the silver membrane will be-diied. Finally, the membrane with
clays and carbonates will be mounted onto zerodrackd quartz plate for XRD

characterization.
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3.2.2. FEG-SEM
Reaction products will be examined using a newd-Emission Gun (FEG)-
Scanning Electron Microscope (SEM) at the Indiana/ersity. The SEM offers fewer
sample preparation artifacts, a wide field of vigs@m low to high resolution), and ease
of operation. However, SEM cannot provide strudtun@rmation. In the proposed
study, we will first use the SEM to select areastdrest and then prepare TEM samples
from these areas to obtain structural information.
Thus, our primary goals for FEG-SEM study arertsveer the following
guestions:
e Are there clay or carbonate rinds on feldspars sged)?
e What are the clay minerals? Are they boehmite aridolinite? How much?
e Where is calcite (and dawsonite) precipitated?
e What are the morphologies of feldspar grain sugace
Indiana University’s SEM is a Quanta 400 Field Esiua Gun (FEG). The
Energy Dispersive X-ray Spectrometer (EDS) systaman EDAX thin window and
CDU LEAP detector. The low energy X-ray detectiathtEG provided high spatial
resolution for microanalysis down to ~Qufh? under optimum conditions. SEM samples
will be prepared with double sided conductive tapé the reaction products will be
sprinkled on an aluminum sample holder.
3.2.1. FEG-TEM, HRTEM, STEM
Transmission Electron Microscopy (TEM) observatia$ be performed with
the new Indiana University JEOL JEM 3200FS. Theted& microscope is a 300kV

FEG TEM designed for HRTEM and equipped with agahimn energy filter for EELS
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and EFTEM, an EDS detector for elemental analysisszanning coils that allow the
instrument to perform as a scanning transmissiectrein microscope (STEM) as well.
STEM imaging using the high angle, annular darldfaetector (HAADF-STEM)
produces Z-contrast images, where the image inteissilirectly proportional to Z(the
atomic number, Z, squared), such Z-contrast imdgestly map compositional changes
across nanoscale interfaces. HAADF-STEM can alsmb#ined with either EDS or
EELS, providing high spatial resolution images #ilab provide direct information on
elemental composition as well as chemical s&ig, (Oxidation state). The rapid
acquisition of EELS data (full spectra can be rdedrin less than a second) and
application of low dose imaging techniques wheng@eassible will help minimize
electron beam-induced radiation damage. This coatibim of HRTEM, STEM, EDS,
and EELS can, therefore, provide a wide rangefofmmation regarding microstructure

and micro-chemistry of mineral reactions at theomagter scale.

The TEM samples will be prepared with ultrasonichod. A fraction of the
reaction products will be immersed into absolut@eol and ultrasonicated for several
minutes to disengage the secondary minerals fréadsgar surfaces. A drop of the
resulting suspension (with grains of feldspar a agesecondary minerals) will be
mounted onto a holey-carbon film supported by added Cu TEM grid and air-dried for

~ 10 min.
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Figure 5 High-resolution TEM
images showing K-feldspar with
Figure 4 SEM micrograph of K-feldspar grain lattice fringes at atomic resolution
enveloped by a clay rind in the Navajo sandstong. | and a K deficient amorphous
Feldspar “remnants” of variable sizes are embedded layer on the feldspar surface on
in the clay layer the left.

Geochemists have argued for nearly a century @hewgxistence and role of a
residual and/or product surface layer(s) on lalooysaind naturally dissolved feldspars
(Berner and Holdren, 1979; Brantley and Stillinp896; Casey et al., 1988; Chou and
Wollast, 1985; Helgeson, 1971; Hellmann et al.,at 9esbitt and Muir, 1988; Nesbitt
and Skinner, 2001). We examined the Navajo sandstamples with High-Resolution
Transmission Electron Microscopy (HRTEM) with araigmg information limit of 0.12
nm, a resolution only recently available to eadiestists, and with FEG-SEM. The
electron microscopy study revealed two distinctffedent surface coatings. First, we
observed a highly Kdeficient, amorphous layer (no lattice fringegli@ctron diffraction,
Fig. 5), which continuously covers all feldsparfaoes. The amorphous layer remains
thin, having a thickness less than 10 nm, evem edtecting for hundreds of thousands to
millions of years.

A much thicker leached layer has been observeeéldsgdars after dissolution at
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acidic pH in the laboratory (Casey et al., 1989t and Skinner, 2001) and in acidic
soils (Nesbitt and Muir, 1988), but it has neveerbebserved on naturally weathered
feldspars from neutral to slightly alkaline envinoents. Instead, previous research had
suggested that a leached layer does not existaarnsheutral pH solutions, and that this
indicates there is different reaction mechanismcatic or basic pH conditions. Our
observations, however, suggest a similar dissalutiechanism throughout a wide pH
range.

Questions remain whether the amorphous layer septaibiquitously under
different conditions. The proposed experiments pritlduce feldspars that have reacted
with solutions of different pH, for different timgeriods, and temperature and are ideal
for discerning the presence of the amorphous layer.

Additionally, although our study of the natural gdes shows a “leached” origin,
Hellmann et al. (2003) recently argued for a dissoh-precipitation origin of the
amorphous layer they found on feldspars leachediohsolutions in the lab. The
distinction between a leached layer and a pretipitdayer is difficult to make from the
morphology alone, although our samples show feldisgends in the amorphous layer
and argue for a leached origin. In the proposedystwe will (1) study more samples; (2)
prepare samples with microtome method; and (3EFSEEM to characterize the

chemical compositions and chemical ratios of tiaehed zone.

3.3. Task 3: Geochemical Modeling
Task 1 and 2 produce experimental data on bothignlahemistry and secondary

mineral identities and phase relationships. These will allow us to use reaction path

356



models to quantitatively evaluate the coupling leemvdissolution and precipitation
reactions. We will utilize the rate constants aaie taws derived from flow-through
reactions, in which the precipitation of secondaigerals were largely suppressed
(Carroll and Knauss, 2005; Taylor et al., 2000)efEtore, in our modeling work, we will
not attempt to use our experimental data to dedteconstants or rate laws as it is well
known that rates measured from batch reactor iptoated by precipitation of
secondary minerals (e.g., Harouiya and Oelkers4;288llmann, 1994). Rather, we will
build on flow through reactor results and interpghet time series experimental data.
We will first compile an internally consistent thevdynamic database relevant to
the experimental systems. The standard statebdmdlids are defined as unit activity
for pure end-member solids at the temperature eggbpre of interest. The standard state
for water is the unit activity of pure water. Fguaous species other thapH the
standard state is the unit activity of the spertieshypothetical one molal solution
referenced to infinite dilution at the temperatanel pressure of interest. Standard state
thermodynamic properties for mineral end-membelisbeitaken from Holland and
Powell (1998) except for boehmite (see Zhu and2009) and dawsonite (calculated
from Eqgn. 15 of Bénézeth et al., 2007), for watent Haar et al. (1984), for Al-bearing
aqueous species from Tagirov and Schott (2001)atmdher agueous species from
Shock and Helgeson (1988), Shock et al. (1989)¢cIShbal. (1997), and Sverjensky et
al. (1997). The temperature and pressure depenslehtieermodynamic properties for
agueous species, when applicable, will be predigsét the parameters of the revised
HKF equations of state (Helgeson et al., 1981; Bleval., 1992; Tanger and Helgeson,

1988). Calculations of equilibrium constants wal facilitated with a modified version of
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SUPCRT92 (Johnson et al., 1992) with the heat ¢gpaaction of Holland and Powell
(1998) for minerals.

Second, we will conduct speciation solubility cddtion. We will use the pH and
total analytical concentrations of the constituenéasured at ambient conditions (e.g.,
22 °C and 0.1 MPa) as input into the modeling caahekthen “re-heat” the solution to
experimental T and P. This method calculates ithsitu’ pH at the experimental
conditions by taking account of the effects of T &on the distribution of aqueous
species (Reed and Spycher, 1984). Saturation m{&i¢ for relevant minerals were
calculated from the measured temperatures, pressmd chemical compositions of
experimental agueous solutions. Sl is defined g&¥K), whereQ denotes the activity
guotient an the equilibrium constant (Zhu and Anderson, 20025). Equilibrium
activity-activity diagrams for mineral stability diphase relations were constructed to
trace the evolution of the aqueous chemistry duttiegbatch experiments (Fig. 6).
Speciation and solubility calculations were aidetihwihe computer code PHREEQC
(Parkhurst and Appello, 1999) and EQ3/6 (Wolerg2)3ogether with our own
equilibrium constant databases for the programis thiiermodynamic properties noted
above. Activity coefficients for the charged aquespecies were calculated from the
extended Debye-Huckel equation or B-dot equatitedito mean salt NaCl activity

coefficients (Helgeson et al., 1978; Oelkers antjeson, 1990).
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Fig. 6. Activity — activity diagrams showing thegste relations in the systemJ9a
(Al203)-Si0,-H,O-HCI at 200 °C and 300 bars (30 MPa). The dashedn (a) denotes
guartz saturation. Symbols represent experimeesallts of albite dissolution in 200
mmol/kg KCI solution and 13.3 mmol/kg Ggyat 150 °C and 300 bars. The activity and
activity ratios were obtained from speciation mougbf the experimental system Xa
K,0-Al,03-SiO-H,O-HCI, based on the experimental solution chemigata. Points 1
through 7 represent experiment solutions at readinoe of 24, 456, 960, 2472, 4392,
5568, and 6600 h, respectively. The red line irata red dashed line in (b) connecting
experimental data is for visualization of fluid afeal evolution.

Reaction path models calculate a sequence of stat@sing incremental or step-
wise mass transfer between the phases within amysir incremental addition or
subtraction of a reactant from the system (Helge$868; Helgeson, 1969). Feldspar
hydrolysis is the system in which Helgeson (1968)edoped the reaction-path modeling
approach. Although the original example is basetboal and partial equilibrium
(Helgeson, 1968; Helgeson, 1969; Helgeson, 1978gd¢son and Murphy (1983) added
feldspar dissolution kinetics into the model. Lasét998) further showed that different
reaction paths will result from different relatikeges of feldspar dissolution and

secondary mineral precipitation.
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Reaction path modeling is different from the spgaraand solubility modeling.
Speciation and solubility modeling simulates a shap of a chemical system while the
reaction path modeling simulates processes. Tolaimthe experimental processes,
reaction path models use the initial experimerghltons as the starting point. The
course of the chemical evolution in the systeneisy the rate laws for primary mineral
dissolution and secondary mineral precipitatiorreiaction path modeling, it is therefore
necessary to make assumptions regarding reactifaslwareas and the appropriate
forms that the rate laws should take. Both toprescantroversial and undergoing intense

research.

However, the reaction path models give rich quatn# information of the
reaction processes during experiments. For exaini@especiation — solubility modeling
does not tell how the dissolution and precipitatieactions are coupled quantitatively,
but reaction path modeling does (Fig. 7), as shiom&hu et al. (Submitted). We should
emphasize that the batch systems are simple mystehss to test ideas of reaction
kinetics before kinetic theories can be applieddmplex natural systems, e.g., without
further assumptions of flow and transport propsr{i#hu, 2009). It is a necessary step in
the process of going from laboratory dissoluticke experiments at far-from-equilibrium

(e.g., mixed flow reactor with fixed solution chestny) to natural systems.

Reaction path model will be constructed using PHRERvith customized rate
laws and a modified database. A general form ef leat/s for heterogeneous reactions

may be written as (Lasaga et al., 1994)
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dN. ., n
==k Sar o[ Ta f(aG)
A 1)

wherer; is the dissolution rate of thith mineral (mol 8 kgw), N; denotes the moles of
mineralj, k; is the respective rate constant (mbhs?), ands is the reactive surface area
of thejth mineral (Mkgw™). a4* stands for the activity of hydrogen in the aqueous
solution, and hence this term accounts for the-n@ted pH dependence of dissolution
rates. The terrg(l) accounts for possible ionic strength dependehteearates. The term

[Ta" incorporates possible catalytic and inhibitory ef$eof aqueous speciesG,  (J/mol)
denotes the Gibbs free energy of reaction.

The term f (AG, ) describes the effect of deviation from equilibriomthe rate

and represents the thermodynamic driving forceli@mical reactions (Aagaard and
Helgeson, 1982; Prigogine and Defay, 1965). A senfipim for therj - AG; relationship
is proposed based on the Transition State The@Y¥ ) (Aagaard and Helgeson, 1982;

Lasaga, 1981a; Lasaga, 1981b),
= — _r 2
f(AG,)= (1 exp( jj (2)

This formulation of the free energy term has alserbtermed the “linear TST rate law”

because the relationship betwegand AG. becomes linear near equilibrium.
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Figure 7. Albite dissolution and sanidine precifiita are strongly coupled (Zhu et al.,
Submitted). Ratios of albite dissolution ratessamidine precipitation rates when
expressed in unit of mol kghs™*. Symbols denote experimental data; lines denote the
results of numerical reaction path model simulatdotted line shows portion of 672-
1848 h.

However, a number of experiments near equilibriawehshown that the actual
relationship between and4G; deviates from this so-called linear kinetics (Algsv et
al., 1997; Beig and Luttge, 2006; Burch et al.,39%ama et al., 2000; Gautier et al.,
1994; Hellmann and Tisserand, 2006; Nagy et aB118lagy and Lasaga, 1992; Nagy
and Lasaga, 1993; Schramke et al., 1987; Taylak,e2000). Alekseyev et al. (1997)

introduced a non-linear rate law in the form of

r/S==+k|1-(Q/ K)P\“ (3)
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whereQ is the activity quotient is the equilibrium constanp,andq are fitting

parameters.

Therefore, in our reaction path modeling, plagiseldissolution reactions will be

modeled using the empirical parallel rate law ofduet al. (1993) in the form of,

r/S=k[1-expEng™)] +k,[1-expg)]™ 4)

wherek; andk, denote the rate constants in units of moi’, g=[AG |/ RT, andn, m,

andm, are empirical parameters fitted from experimedtth. Note that the first term is
equivalent to Egn (3) ih=p, my = 1, andg = 1. The second term is equivalenpif 1

andnm, = . The involved parameters my, mp, andki/k, of this rate expression will be
taken from Hellmann and Tisserand (2006), which7a88 x1C°, 3.81, 1.17, and 56.65,

respectively.

For boehmite precipitation, we will follow Bénézeathal. (2008) and use the rate

law,

AG,
Fanm = —ki(H +)1.7 (e RT _1) (5)

Bénézeth et al. (2008) conducted boehmite pretipit&xperiments for pH 6 — 9 at 103
°C. They found that the TSITAG,) function fit to their data and the precipitati@te is a

function of pH. However, boehmite precipitationoiar experiments will occur in the pH
range of 3 to 5, slightly acidic than the experitabnondition of Bénézeth et al. (2008).

Nagy (1995) documented V-shaped pH dependencewiimlm oxyhydroxides
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dissolution rates and proposed an exponent ofat.@yfldrogen concentrations for acid

solutions, which we will adopt.

For kaolinite, calcite, paragonite, alaavsonite precipitation, we will use the
classic BCF (Burton-Cabreera-Frank) theory for tadygrowth (Burton et al., 1951). The
BCF theory makes another prediction for the forrthef f (AG, ) function. In its simplest

case,

f(AG)=1- ex;{ ARC_;II jn (6)

wheren signifies a coefficient that depends on the gromvdthanism, whene= 1 for
transport or adsorption controlled growth arwd 2 for spiral growth (cf. Blum and

Lasaga, 1987; Shiraki and Brantley, 1995).

The concept of “reactive surface area (RSA)” (ld¢stin et al., 1984) is rooted in
the theories of surface controlled reaction kirgetithe rates of heterogeneous reactions
are proportional to the “concentrations” of reagtsurface sites. The RSA thus
substitutes for site concentrations in lieu of taatconcentrations in a first order rate
law (Zhu and Anderson, 2002). Apparently, RSA repres the key scaling parameter for
extrapolating from atomic to laboratory and fietdles. However, this concept is
difficult to implement in practice. Different crydtfaces have different types of surface
sites and site concentrations. Surface topograplay, kinks, edges, and adatoms) and
types and densities of defects on mineral surfaceslifficult to quantify. The “reactive
site concentrations” would also depend on whethdrreow deep a “leached layer” is

developed near the mineral surfaces (Oelkers, 28fllings et al., 1995).
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The common practice in geochemistry is to use BETirfauer-Emmett-Teller)
surface area (Braunauer et al., 1938) of the dwdeo as a proxy for the RSA. However,
there are several challenges in substituting BEFT®ARSA in Eqn (1). From a
theoretical point of view, we are using a singleapaeter to represent a variety of surface
sites with different reactivity and concentratiohbe BET SA is more physically based
(gas adsorption and surface roughness) than chiemicature. From a practical point of
view, it is difficult to measure BET SA for a mimémwithin a mixture and for secondary
minerals with miniature quantities. Often, the teacsurface areas are significantly less

than the BET surface area (Helgeson et al., 1984).

In an experiment, reactive surface area may vagytduhe growth or reduction of
crystal sizes. In such cas&sjuring dissolution or precipitation may be emgalig
related to the initial total surface ar&l) (by (Christoffersen and Christoffersen, 1976;

He et al., 1994; Witkamp et al., 1990; Zhang andd¢dlas, 1992)

S/S°=(N'/N°)F @)
whereP is a coefficient that depends on the shape oftystal and the relative rates of
dissolution (or growth) on different surfacd2.equates to 2/3 if the shape of the crystals
remains unchanged and rates on all faces are eQuallues of 0.5 indicates that
dissolution or growth occur predominantly in twoeditions whileP values of O indicates

one direction (e.g., Witkamp et al., 1990).

The reactive surface areas may also vary duringraxents as a result of the
extinction of highly reactive fine particles (Hefgpm et al., 1984), change of the ratios of

reactive and nonreactive sites (Gautier et al.1p0fiechanical disaggregation of
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particles (Ganor et al., 1999; Nagy and Lasaga2)@hd formation of surface coating

(Cubillas et al., 2005; Ganor et al., 1995; Metalet2005; Nugent et al., 1998).

It is even more difficult to estimate the reactsteface areas for precipitating
secondary phases. Precipitation of new mineralgheguires nucleation and crystal
growth. Currently, the lack of parameters prevémésapplication to the experiments that
we examined in this study (see review by Fritz Bioduera, 2009). For modeling, it also
presents a dilemma: precipitation cannot proceddowt surface area first; and without

precipitates at first, there are no surface areathe secondary phases.

In the proposed study, we will follow the commoagirce in geochemistry and
used the BET surface areas for starting reactariteireaction path modeling as the
initial conditions. Then, we will assess the polestbmporal variation of reactive surface
areas from experimental data. When it is difficalseparate the effects of rate constant
and reactive surface area from batch reactor deg@ntroduced an effective rate
constantk*

k' =kx$S 8) (
whereS, stands for reactive surface arkiahas a unit of mol'skgw™ if Shas the unit of
m? kgw™. Note thak*, as a fitting parameter, in effect, could represgl terms in the
empirical rate law (Eqn. 4) except for the Gibleefenergy term and other effects

explicitly noted.

Thus, the only fitting parameters agsemtially the effective rates of secondary
minerals. These parameters will be constrained mithiple lines of evidences from the
hydrothermal experiments: solution chemistry evoluas a function of time (Fig. 8),
mineral dissolution and precipitation rates (Fig.s&turation indices evolution as a
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function of time (Fig. 10), mineral abundance d&ig. 11), and reaction path evolution
in activity-activity diagrams (Fig. 12). Then, tabundant information acquired from
modeling will be used to decipher the complex iy and a reaction network among

feldspar dissolution, clay precipitation, and cardie precipitation.
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Figure 8. Temporal evolution of dissolved constitugoncentrations: (a) Na; (b) Al, and
(c) Si. Symbols denote experimental data; lineslteérom numerical reaction path
model simulation. The portion of dotted line shdtws simulation results during 672-
1848 h. Error bars indicate 10% uncertainty in wiedl measurements (from Zhu et al.,

Submitted).
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Therefore, an essential feature of this proposidlagightly integrated
hydrothermal experiments, electron microscopic attarization, and geochemical
modeling. We believe this will give us a more coetelpicture of the chemical reaction

kinetics.

4. Anticipated Results and Significance
The proposed research addresses some criticalrgedtuneeds of the carbon
sequestration program. The proposed research pnagrauilt upon our substantial
previous work in the field of water-gas-rock intgtrans, including the work by the
carbon sequestration program. Hence, the proposddaan be easily integrated with
the NETL in-house research, and NETL-sponsoredrprog of field tests of injecting
CQO; into deep geological formations (Frio sandstoeip8er, and Weyburn projects),
and mineral carbonation and brine sequestratiogranes (NETL, Los Alamos, Albany
Research Center). Specially, we anticipate thewioilg results:
1) Experimental measurements of plagioclase feldspasollition, at conditions
pertinent to the geological carbon sequestratiognam;
2) Electron microscopy of the reactants and producs discern the reaction
mechanisms;
3) Theoretical and modeling studies to interpret aynthesize experimental data, and
development of a strategy to simulatesitu reaction kinetics in geological formation.
Overall, our results will help to resolve asfehe major outstanding scientific
issues facing the carbon sequestration progranrathe of chemical reactions in
geological formations. The results will benefit f@gram by introducing the

development of numerical performance assessmenglsjaghich will reduce the costs
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of monitoring and design.
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Feldspars comprise over 50% of the vewifithe earth’s crust. Establishing
reliable rates for low-temperature feldspar dissotuis essential to quantify many basic
geological and environmental processes.

The pioneering work by Helgeson andvaokers (Garrels and Mackenzie, 1967,
Helgeson, 1968; Helgeson et al., 1969, 1984; Aagaiad Helgeson, 1982; Helgeson and
Murphy, 1983) to model feldspar hydrolysis as acpss of coupled dissolution and
precipitation reactions transformed the study dfewaock interactions into a
guantitative science and opened up vast new f@ldeochemistry in the following
decades. The early model, however, assumed pagidibria between the aqueous
solution and the secondary phases. Although thewgstson of partial equilibrium has
been questioned in the intervening years (SteeféMan Cappellen, 1990; Nagy and
Lasaga, 1993; Small, 1993; Lasaga et al., 1994&sklev et al., 1997; Lasaga, 1998;
Zhu et al., 2004; Price et al., 2005; Zhu, 2006n@ et al., 2007), until now there has
never been a rigorous examination of this hypothésere, we systematically analyzed
this assumption by conducting new hydrothermal arpents and performing speciation-
solubility and reaction path modeling.

(1) Alkali-feldspar hydrolysis experiments were daoted using a well-mixed batch
reactor at 150-200 °C and 300 bars with or withitbatpresence of GOSEM, HRTEM
and XRD analyses of the surface of alkali-feldsaiovide clear evidence for the
dissolution of feldspars and coexistence of seagnai@neralization (boehmite, kaolinite,
and paragonite). These secondary minerals persistéastably during the entire
durations of experiments as indicted by both milogieal characterizations and

speciation-solubility calculations.
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(2) We find three lines of experimental evidenca tontradicts the partial equilibrium
hypothesis in the experimental feldspar—water syssaturation indices, reaction paths,
and secondary mineral paragenesis.

(3) The primary mineral dissolution and secondaigrat precipitation are strongly
coupled, forming a reaction network. The recontidiaof the apparent discrepancy
between laboratory measured and field derived hlisea rates needs to be accieved by
regarding primary mineral dissolution as part @& teaction network.

(4) The precipitation of secondary minerals islthiting step in the system, which caps
the dissolution rate of the primary mineral.

(5) Modeling results show that a quasi-stead\esiats reached. At the quasi-steady
state, dissolution reactions proceeded at ratéstharders of magnitude slower than the
rates measured at far-from-equilibrium. The quésady state is determined by the

relative rate constants, and strongly influencedhigyfunction of Gibbs free energy of
reaction AG,) in the rate laws.

(6) The experimental and geochemical modeling tesullend support to the Zhu-Blum-
Veblen hypothesis for explaining the apparent fieldb discrepancy (Zhu et al., 2004).
The injection of CQinto deep saline aquifers is being consideredhasp#on for
greenhouse gas mitigation. However, the responaa afjuifer to the injected G&
largely unknown. Experiments involving the reactairNavajo Sandstone with acidic
brine were conducted at 260 and 25 or 30 MPa to evaluate the extent of froick
interactions. The solution chemistry data indi¢htd the SiQ(aq) increases gradually
and pH increases slowly with reaction progressc&e minerals in the sandstone display

textures (dissolution features, secondary mineatiin), indicating that these phases are
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reacting strongly with the fluid. Dissolved @ likely to acidify the brine and to

provide a source of carbon for the precipitatiomarbonate minerals. The chemical
reactions likely increase the bulk porosity of samdstone due to dissolution of silicate
minerals. However, allophane and illite/smectilevibids in sandstone grains. There is
no evidence for the removal of clay coatings duehmical reactions. It is uncertain
whether the mechanical forces near an injectiohwalld mobilize the smectite and
allophane and clog pore throats. Trace amountsetdls) including Cu, Zn, and Ba, were
mobilized.

We compiled thermodynamic propertiasaigueous and solid arsenic species
from the literature, recalculated those propettesnsure internal consistency, and used
these data to construct Eh-pH diagrams. Theseatregprovide ready references for
scientists working on arsenic geochemistry.

The differences of adsorption and coprecipitatibRlmwith iron oxyhydroxide
are studied with sorption edge measurements, HegolRRtion Transmission and
Analytical Electron Microscopy (HR TEM-AEM), and gehemical modeling.
Coprecipitation of PH with ferric oxyhydroxides occurred at ~ pH 4, ab815-1.0 pH
unit higher than F& precipitation. Coprecipitation is more efficiehah adsorption in
removing PB" from aqueous solutions at similar sorbate/sortegits. X-ray Diffraction
(XRD) shows peaks of lepidocrocite and two addaidiroad peaks similar to fine
particles of 2-line ferrihydrite (2LFh). HRTEM dfé Pb-Fe coprecipitates shows a
mixture of 2 to 6 nm diameter spheres and 8-2008+300 nm needles, both uniformly
distributed with PB". Geochemical modeling shows that surface comptaxatodel

explains adsorption experimental data well. In @stt solid solution model or combined
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solid solution formation and surface complexatian @t coprecipitation experimental
data sets well and explain the overlap betweertisorpdges with different Pb:Fe ratios,
but surface complexation alone cannot accountlféh@ P bound to the solids.

Based on these results, we hypothesize that affeecipitation experiment Bb
was first adsorbed onto the nanometer-sized, nadtiastiron oxyhydroxide polymers of
2LFh. As the iron oxyhydroxides grew and transfairireo more stable phases,’Pb
was trapped in the iron oxyhydroxide structure. ¢¢grcoprecipitation and adsorption
experiments resulted in different®mcorporation mechanisms, which could result in

different mobility, bioavailability, and long-terstability of P6* in the environment.
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