
American Mineralogist, Volume 92, pages 1316–1324, 2007

0003-004X/07/0809–1316$05.00/DOI: 10.2138/am.2007.2471      1316 

INTRODUCTION

Feldspar is the single most abundant mineral group in the 
Earth’s crust. The varieties of feldspar account for 60% of the 
Earth’s upper crust. Reactions at feldspar-fl uid interfaces govern 
the composition of surface waters, rates of elemental cycling, and 
maintenance of global CO2 concentrations through geologic time. 
In the past, a variety of factors, such as pH, temperature, satura-
tion state, and compositional variation have been investigated 
in both laboratories and in natural systems to evaluate effects 
on feldspar-fl uid interactions. These studies have contributed to 
a comprehensive understanding of the nature of feldspar-fl uid 
interactions (see Blum and Stillings 1995 for detailed review). 
Even when the feldspar compositions, temperature, pH, and fl uid 
chemistry are all similar, however, feldspar dissolution rates 
have been observed varying by up to three orders of magnitude 
between different laboratories. Despite the vast literature on 
feldspar minerals, the roles of aspects such as (Al,Si) disorder in 
a single feldspar phase, structural, and compositional heteroge-
neities due to different space groups, dislocations, twin planes, 
and exsolution lamellae on feldspar-fl uid interactions are not 
well studied. For example, the extent of (Al,Si) order/disorder 
affects the bulk thermodynamic properties of feldspar (e.g., My-
ers et al. 1998), and thus may have a quantitative impact on its 
interaction with surrounding fl uids. At the atomic scale, domains 
that differ in terms of Al,Si distributions can yield distinctly 
different surface confi gurations during feldspar weathering 
due to preferential dissolution of Al (e.g., Jordan et al. 1999). 
Therefore, analysis of (Al,Si) disorder in feldspar and the evalu-
ation of corresponding controls on dissolution can provide more 
accurate understanding of the general mechanisms and kinetics 
of feldspar-fl uid interactions.

As an end-member of the feldspar group, albite (NaAlSi3O8) 

presents an ideal opportunity to explore the phenomena of 
(Al,Si) order/disorder and to evaluate its effect on feldspar-fl uid 
interaction. The structure of albite consists of a framework 
of corner-sharing Si and Al tetrahedra (Fig. 1). In its triclinic 
structure, there are four sets of similar but unique tetrahedral 
sites, conventionally labeled T1o, T1m, T2o, T2m (o = center 
of symmetry, m = mirror plane). The way in which Si and Al 
atoms are distributed in the T-sites leads to the distinction among 
different order-disorder confi gurations (Nesse 2000). Albite has 
a fully ordered confi guration where the T1o sites contain all the 
Al atoms and T1m, T2o, and T2m sites only contain Si atoms. As 
the fraction of Al atoms in T1o sites decreases from 1, the albite 
crystal lattice can exhibit variations in ordering at different length 
scales (Stewart et al. 1969; Meneghinello et al. 1999). Macro-
scopically, the variations of Al fractions in the non-equivalent 
T-sites are refl ected in changes to lattice geometry (Stewart et 
al. 1969; Vinograd et al. 1999). For example, crystal structure 
analyses of alkali feldspars have shown that the isochemical 
variations in cell parameters and reciprocal lattice angles are 
related to Al/Si distribution among the non-equivalent T-sites 
of the feldspar framework (Stewart et al. 1969). These average 
properties refl ect long-range order of albite (LRO; e.g., Vinograd 
et al. 1999). X-ray and neutron diffraction techniques are sensi-
tive to changes in the average structure and thus are good tools 
to recognize LRO in the crystal structure. In addition, variation 
in local (Al,Si) lattice distributions occurs even when the degree 
of LRO is constant (i.e., the fractions of Al atoms in the non-
equivalent T-sites are fi xed), except in fully ordered low albite. 
Short-range order (SRO) describes correlation between n-order 
neighboring cation site occupancies. The term “n-order” refers 
here to the pairs of atoms in the lattice that are fi rst-, second-, 
or even higher-order neighbors. For instance, n = 1 and n = 2 
correspond to the pairs of fi rst-nearest and second-nearest neigh-
bors, respectively. Short-range information can be obtained from 
nuclear magnetic resonance (NMR) experiments. For example, * E-mail: aluttge@rice.edu
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low albite exhibits three particularly well resolved peaks in 29Si 
NMR spectra, each of which corresponds to silicon occupation 
of a given type of T-site (Kirkpatrick 1985). A high-symmetry 
zeolite with only one crystallographically unique tetrahedral site 
(T-site) will in general exhibit 29Si NMR spectra with up to fi ve 
lines, associated with Si having different numbers of aluminum 
neighbors (m = 0–4) (Peterson 1999).

Manipulation and quantitative analysis of (Al,Si) distribution 
(e.g., Meneghinello et al. 1999) and experimental evaluation of 
its effect in albite dissolution kinetics are diffi cult, and in this 
respect computer simulations can play a key role. Monte Carlo 
(MC) methods have been shown to be a powerful tool for both 
the study of cation distribution in minerals (e.g., Dove et al. 
1996; Thayaparam et al. 1996; Lavrentiev et al. 2003; Palin et 
al. 2003; Sainz-Diaz et al. 2003; Matsumoto et al. 2005) and the 
simulation of crystal dissolution and growth (e.g., Zhang et al. 
1998; Lasaga and Lüttge 2001, 2003, 2004a, 2004b, 2005). In the 
current study, we utilize Monte Carlo methods to (1) construct 
albite lattice confi gurations with different but arbitrary degrees of 
LRO and SRO, and (2) more importantly implement two different 
dissolution mechanisms to these confi gurations for studying the 
role of (Al,Si) disorder in the dissolution processes of albite.

We hope to convince the reader of the importance of distin-
guishing LRO and SRO as they relate to dissolution mechanism, 
and thus we begin by providing detailed working defi nitions of 
these terms in the preliminary section below. Because of our 
extensive use of Monte Carlo techniques, this section also in-
cludes a detailed summary of the algorithms employed to drive 
the simulations. As a means of reducing the diffi culty in visual-
izing order/disorder relationships in three dimensions, we also 
introduce a compact 2D projection model to show the effect of 
SRO/LRO variations on actual lattice confi gurations.

DEFINITIONS OF LRO AND SRO
The long-range order coeffi cient S is adopted from previous 

studies (Smith and Brown 1988; Meneghinello et al. 1999) to 
account for macroscopic Al fractions in these T-sites:

S p P Pj j j
j

= − −
=

∑[( ) / ( )] /1 4
1

4

  (1)

where pj is the fractional frequency of an atom in the jth lattice 
node, obtained by structural refi nement [i.e., Al for j = 1 (T1o 
site) and Si for j = 2, 3, 4 (T1m, T2o, T2m sites, respectively)] 
and Pj is the occupancy of the same atom in the confi guration 
for which disorder is maximized (i.e., P1 = 0.25 and P2 = P3 = 
P4 = 0.75 in albite). According to Equation 1, the S parameter is 
dominated by the Al content of T1o sites. For a given Al content 
of T1o sites, variation of Al in the other three sets of T-sites cor-
respond to the same S value (Table 1). As the Al content of T1o 
sites decreases from 1 (in the case of low albite) to 0.25 (in fully 
disordered high albite), the coeffi cient S decreases subsequently 
from 1 to 0. Also, S can become negative when the Al content of 
T1o sites drops below 0.25. The Al content on T1o < 0.25 is not 
actually observed in nature, but several artifacts with negative S 
are involved in the current study (Table 1), which, as shown later 
in this study, do not contradict the general conclusions.

As described in the introduction, the LRO accounts for the 
majority of ordering in albite. In fact, the albite samples used in 
dissolution experiments are simply mentioned as high albite or 
low albite. Therefore, the fi rst motivation in our current study is 
to study the effect of LRO in the dissolution processes of albite. 
After the degree of LRO is fi xed, we vary SRO to investigate Si 
enrichment in small sublattices.

Many of the previous studies (e.g., Myers et al. 1998; Palin 
et al. 2001, 2003) defi ned SRO as the sum function of pair in-
teractions in the crystal lattice. This strategy fails here as we are 
investigating isochemical confi gurations of albite, particularly 
when the “aluminum avoidance principle” is implemented. In 
more detail, the main driving force behind (Al,Si) order/disorder 
in the albite lattice is avoidance of nearest-neighbor Al/Al-neigh-
bors (i.e., Loewenstein’s rule in Loewenstein 1954); the direct 
consequence of such Al-O-Al avoidance in the albite lattice is 
that the numbers of fi rst-nearest Si-Si, and Si-Al neighbors are 
constant. For example, in one mole of albite having the formula 
NaAlSi3O8, the total number of fi rst-nearest neighbors (i.e., Si-
O-Si and Si-O-Al; according to the rule of aluminum avoidance, 
instances of Al-O-Al are forbidden) is 8 moles. For each Al, 
there are four Si-O-Al bonds. i.e., the number of Si-O-Al bonds 
(NSi-O-Al) in 1 mole of NaAlSi3O8 is 4 moles. Thus the number of 
Si-O-Si bonds (NSi-O-Si) is 4 moles per mole NaAlSi3O8. As the 
total numbers of Si-O-Si and Si-O-Al bonds remain constant, 
if we only consider the fi rst-nearest neighbors various albite 
confi gurations differ from each other in the numbers of Si atoms 
with l fi rst-nearest Si neighbors (i.e., N(Si,l),l = 0–4). For example, 
in the low albite confi guration with S = 1, two thirds of the Si 
atoms have 3 Si-O-Si and 1 Si-O-Al bonds, and one third of the 
Si atoms have 2 Si-O-Si and 2 Si-O-Al bonds. When Al atoms 
disperse from T1o sites to the other three T sites, the resulting 
high albite confi gurations can have Si atoms with all possible 
numbers of Si fi rst-nearest neighbors (l = 0–4), and again, all the 
Al atoms each have 4 fi rst-nearest Si neighbors.
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FIGURE 1. Unit cell of low albite. The unit cell contains 16 tetrahedral 
sites (as numbered), which belong to four non-equivalent sets. Variations 
of Al and Si distributions in these T-sites yield different degrees of order. 
The cartoon specifi es the fully ordered low albite where Al atoms occupy 
all T1o sites, and T1m, T1o, and T2m sites contain all the Si atoms.
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In this study, we defi ne a SRO index as a sum contribution 
of individual tetrahedral atoms. Rather than use a sum func-
tion to quantify the fi rst-order neighboring environment for an 
individual tetrahedral atom (as discussed above, the use of a 
sum function can not distinguish different albite confi gurations 
as Al-O-Al bonds are not allowed in albite confi gurations), we 
introduce a local parameter Uindividual with an exponential form:

Uindividual = exp(l/2⋅USi-O-Si)exp[(4 – l)/2⋅USi-O-Al] (2)

where l is the number of Si-O-Si bonds and (4 – l) is the number 
of Si-O-Al bonds for a typical tetrahedral atom. For a given tet-
rahedral atom, USi-O-Si and USi-O-Al are the individual contributions 
of Si-O-Si and Si-O-Al bonds, respectively. Proper selection of 
USi-O-Si and USi-O-Al values is discussed below.

The SRO parameter U is designated as the sum of the individual 
contribution of tetrahedral atoms with differing local property: 
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In Equation 3, NAl is the number of Al atoms in an albite 
confi guration, and NSi is the number of Si atoms. N(Si,l) represents 
the number of Si atoms with l fi rst-nearest Si neighbors. U can 
be treated as a function of 5 independent variables, i.e., N(Si,l), l 
= 0–4. As discussed above, for each mole of albite (NaAlSi3O8), 
NAl, NSi, and N(Si,l) in Equation 3 also satisfy: 

3 3
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N N N N
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where NA is Avogadro’s number (6.02 × 1023). The constraints 
imposed by Equations 4 and 5 reduce the number of independent 
variables in Equation 3 to 3. To derive the overwhelming effect 
of N(Si,4) on the value of U, we defi ne

f = exp(USi-O-Si – USi-O-Al)  (6)

and pick suffi ciently different values of USi-O-Si and USi-O-Al such 
that f >> 0. For example, USi-O-Al = 3 and USi-O-Si = 100USi-O-Al. 
Equation 3 can then be rewritten as

U U N N fl
l

l

= ⋅ +
=
∑exp( ) ( )]/2 2

0

4

Si-O-Al Al (Si, ) [  (7)

The minimization of U according to Equation 7 will effec-
tively reduce the number of N(Si,4) in the albite confi gurations.

The strategy behind this defi nition of SRO is that a Si atom 
“rejects” a neighbor of the same type. The existence of Si-rich 
clusters will exaggerate the uneven Al distribution by increasing 
Uindividual exponentially (Eq. 2). As the degree of LRO is fi xed, 
the minimization of U corresponds to the confi guration with 
decreased Si-rich clusters in size.

COMPUTER MODELING
In this study, we defi ned a network of tetrahedral sites with the same relative 

positions as in the real crystal. A simulation cell of 20 × 20 × 12 unit cells was used 
that includes 76 800 T-sites. To avoid artifacts at the boundaries of the simulation 
cell, we used periodic boundary conditions (PBC). The use of PBC allows the be-
havior of this relatively small supercell to approximate that of the bulk system. 

Al,Si distributions with different LRO
Albite confi gurations having different LRO were generated by Monte Carlo 

methods. The total of 24 arbitrary sets of Al distributions on different T-sites are 
listed in Table 1, corresponding to different values of LRO coeffi cient S. To create a 

TABLE 1. Various Al distributions in T-sites of the albite structure and the corresponding LRO, SRO, and dissolution rates
Sample XAl(T1o) XAl(T1m) XAl(T2o) XAl(T2m) S (U/U0)* (rate)/(rate)0* (U/U0)† (rate)/(rate)0†
1 1.0 0 0 0 1.00 1.0 1.000 1.0 1.000
2 0.9 0.1 0 0 0.87 2.6 1.080 2.0 2.484
3 0.8 0.2 0 0 0.73 4.0 1.194 3.5 2.816
4 0.8 0.1 0.05 0.05 0.73 4.2 1.675 3.6 3.095
5 0.7 0.3 0 0 0.60 5.8 1.233 5.4 2.722
6 0.7 0.1 0.1 0.1 0.60 6.1 2.016 4.9 3.287
7 0.7 0.2 0.05 0.05 0.60 6.1 1.789 4.4 3.472
8 0.6 0.4 0 0 0.47 7.9 1.075 7.6 2.388
9 0.6 0.3 0.05 0.05 0.47 78.8 1.963 4.8 3.434
10 0.6 0.2 0.1 0.1 0.47 8.4 2.421 5.7 4.034
11 0.6 0 0.4 0 0.47 7.7 3.906 7.6 7.783
12 0.5 0.3 0.1 0.1 0.33 11.1 2.816 6.0 3.852
13 0.5 0.3 0.2 0 0.33 11.2 2.887 5.8 4.215
14 0.5 0.4 0.1 0 0.33 10.9 2.243 5.0 3.539
15 0.5 0.5 0 0 0.33 10.3 0.672 10.3 1.045
16 0.4 0.4 0.1 0.1 0.20 11.1 3.013 6.2 4.022
17 0.4 0.5 0.1 0 0.20 10.8 2.148 5.1 3.560
18 0.4 0.2 0.2 0.2 0.20 11.2 3.823 7.1 4.854
19 0.3 0.5 0.1 0.1 0.07 11.1 2.850 6.1 4.155
20 0.3 0.4 0.2 0.1 0.07 11.2 3.457 6.8 4.742
21 0.25 0.25 0.25 0.25 0 11.3 4.182 7.4 5.155
22 0.2 0.4 0.2 0.2 –0.07 11.2 4.057 7.3 5.071
23 0.2 0.3 0.3 0.2 –0.07 11.2 3.752 7.3 5.071
24 0.1 0.3 0.3 0.3 –0.20 11.2 4.000 7.1 5.153
* U/U0 and (rate)/(rate)0 corresponding to the initial albite confi gurations before SRO minimization where U0 is the U value of low albite and (rate)0 is the dissolution 
rate of low albite.
† U/U0 and (rate)/(rate)0 corresponding to the SRO-minimized albite confi gurations.
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confi guration with a given set of Al contents, the starting confi guration was an ideal 
anorthite structure where Al and Si alternate in the lattice. The Al fraction of any 
individual T-site is thus 0.50. In other words, there is only one type of T-O-T bond, 
i.e., Si-O-Al. The typical confi guration with a certain set of Al fractions in T-sites 
[i.e., (a, b, c, d), where 0 ≤ a, b, c, d ≤ 1 and a + b + c + d = 1] was created by the 
following algorithm: (1) Calculate the required number of Al atoms (NAl→Si) to be 
replaced by Si in all the four sets of T-sites in the starting anorthite confi guration: if 
the total number of T-sites with the same type in the simulated supercell is denoted 
as N, then NAl-T1o = (0.5 – a)N, NAl-T1m = (0.5 – b)N,NAl-T2o = (0.5 – c)N,NAl-T2m = 
(0.5 – d)N, where NAl→Si can be negative. Steps 2–4 are repeated in succession for 
T1o, T1m, T2o, and T2m; (2) If NAl→Si > 0, randomly select an Al in the typical 
T-site, and replace it by a Si atom, and at the same time set NAl→Si = NAl→Si – 1; (3) 
If NAl→Si < 0, randomly select a Si in the typical T-sites, replace it by an Al atom, 
and locate Si atoms in its four fi rst-nearest T-neighbors. Recalculate NAl→Si for all 
sets of T-sites; and (4) If NAl→Si = 0, proceed to the next set of T-sites.

Minimization of SRO
The construction of the above confi guration is constrained only by LRO. While 

keeping Al fractions in the four sets of T-sites constant, we rearranged the (Al,Si) 
distribution according to the minimization of SRO. As mentioned previously, the 
purpose of the SRO minimization is to provide an opportunity for pairwise repul-
sion of Si. The initial values of USi-O-Al and USi-O-Si are defi ned as:

USi-O-Al = 3  (8)

USi-O-Si = 100USi-O-Al   (9)

The minimization process proceeds as follows. (1) Calculate U according to 
Equation 3. (2) Randomly choose a Si atom with 4 Si fi rst-nearest neighbors and 
an Al atom, both of whom belong to the same set of T-sites. Calculate U associated 
with the new confi guration if the two chosen atoms are exchanged. If U decreases, 
exchange these two atoms. Otherwise, exchange these two atoms with probability 
exp [–(Unew – Uold)/Z(T)] where Z(T0) is adjusted to satisfy exp [–(Unew – Uold)/Z(T0)]~ 
20%. Repeat this step 104 times; and (3) Z(T) = 90% Z(T).

Repeat steps 2–3 in a succession until U oscillates slightly around a minimum 
value. After the SRO minimization process, the values of U in all albite confi gura-
tions are recalculated by using USi-O-Al = 3 and USi-O-Si = 6.

Dissolution modeling
We utilized parameterized Monte Carlo methods to simulate the stochastic 

processes of albite dissolution. To provide clarity, we describe these processes 
in some detail below. 

The dynamics of albite dissolution can be described as a sequence of three basic 
microscopic events: attachment of solution atoms at empty surface sites, detachment 
of surface atoms, and diffusion of surface atoms from one surface site to another. 
At low pH, interstitial cations (Na+) participate in simple exchange reactions with 
hydrogen ions. The exchange reaction is relatively fast (Oelkers et al. 1994; Gout 
et al. 1997; Hellmann et al. 1997; Mukhopadhyay and Walther 2001; Nesbitt et al. 
2001) and is thus unlikely to be a rate-limiting step. Under these conditions, albite 
dissolution is limited by the destruction of the residual tetrahedral framework. The 
protonation of surface O atoms creates surface silanol (Si-OH), aluminol (Al-OH), 
or hydroxyl bonds (T-OH-T). Ab initio calculations of various protonated alumi-
nosilicate clusters (Xiao and Lasaga 1994; Kubicki et al. 1996; Sykes et al. 1997) 
have shown that the protonation weakens the oxygen-bridging bonding of surface 
tetrahedral atoms. During the dissolution process, a tetrahedrally coordinated sur-
face atom experiences a sequence of events: protonation of the oxygen-bridging 
bonds, breakage of these protonated bonds, and fi nal transport into the solution. 
Changes in the tetrahedral coordination of Al atoms also occurs (e.g., Xiao and 
Lüttge 2002) further complicating the dissolution processes. As our objective here 
is to simulate the stochastic processes of albite dissolution, we will not dwell on 
quantum-chemical aspects of these surface reactions. For purposes of simplicity in 
our Monte Carlo simulations, this stepwise sequence is treated as one detachment 
event in our model. The frequency of the detachment is expressed as:

k v i
kT

j
kTi, j

− = − −exp( )exp( )
Φ ΦSiSi SiAl  (10)

where ν is a frequency factor that defi nes the time, k is Boltzmann’s constant (J/K), 
and T is the temperature in K. The variables i and j represent the numbers of Si-
O-Si and Si-O-Al bonds, respectively. As the detachment of Al occurs, i is set to 
zero (no Si-O-Si bonds in the case of Al detachment). ΦSiSi/kT and ΦSiAl/kT are the 

bond energies of Si-O-Si and Si-O-Al, respectively, in units of kT. 
At equilibrium, the attachment rate is equal to the detachment rate of atoms 

from kink sites (e.g., Zhang et al. 1998; Lasaga and Lüttge 2001, 2003, 2004a, 
2004b, 2005). When the saturation state of the solution deviates from equilibrium, 
the attachment rate of tetrahedral atoms from the solution to the crystal surface is 
exponentially proportional to ∆μ. As each bulk Al atom has four Al-O-Si bonds 
in the albite structure, the attachment of an Al atom onto the albite framework is 
governed by: 

k
kT kTAl

SiAl Al+ = −ν
μ

exp( )exp( )2
Φ Δ  (11)

where ∆μAl is the difference in chemical potential between Al in the solution and 
in the crystal structure. ∆μAl is related to the concentration of aluminum in the 
solution, CAl by CAl/CAl,eq = exp(∆μAl/kT). On average each bulk Si atom in albite 
structure has 8/3 Si-O-Si and 4/3 Si-O-Al bonds, therefore the rate constant for 
the attachment of a Si atom is:

k v
kT kTSi

SiSi SiAl S+ = − −exp( )exp( )exp(4
3

2
3

Φ Φ Δμ ii

kT
)  (12)  

where ∆μSi is the difference in chemical potential between Al in the solution and 
in the crystal structure. ∆μSi is related to the concentration of Si in the solution, 
CSi by CSi/CSi,eq = exp(∆μSi/kT).

In the Monte-Carlo-based dissolution modeling, ΦSiSi/kT, ΦSiAl/kT, ∆μSi, and 
∆μAl are the four key parameters. Their relative values determine dissolution rates 
of Si and Al atoms. In our current study, the determination of ΦSiSi/kT and ΦSiAl/kT 
relies strongly on quantum chemistry calculations. A substantial number of ab initio 
calculations and density functional theory (DFT) modeling have been conducted in 
the investigation of aluminosilicate-fl uid surface reactions (e.g., Xiao and Lasaga 
1994; Kubicki et al. 1996; Sykes et al. 1997; Xiao and Lüttge 2002). Although these 
calculations cannot quantify the pH effect on the values of ΦSiSi/kT and ΦSiAl/kT, in 
general it requires more energy to break Si-O-Si bonds relative to Si-O-Al bonds 
in an acidic pH environment. Xiao and Lüttge (2002) combined solvated ab initio 
and DFT modeling and further narrowed the range of possible ΦSiSi/kT and ΦSiAl/kT 
values at low pH. Based on their study, we chose ΦSiSi/kT = 6 and ΦSiAl/kT = 3. 
This choice has been validated in our Monte Carlo studies of dissolution kinet-
ics of plagioclase feldspars: saturation state, compositional variation, aluminum 
inhibition, and surface morphologies have all been investigated, and shown to be 
consistent with experimental measurements and fi eld observations. These aspects 
of our Monte Carlo-based studies on aluminosilicate dissolution kinetics will be 
extended in a series of papers. 

Albite dissolution rates are low (for a review see Blum and Stillings 1995), 
and most albite dissolution experiments must be conducted in far-from-equilibrium 
conditions at high temperature (100–300 °C). Accordingly, the solution concen-
trations of all dissolved species become vanishingly small in our modeling, i.e., 
∆μSi << 0 and ∆μAl << 0.

To avoid grain size effects in computer simulations of 3-dimensional albite 
dissolution, we used only a single oriented albite (001) face. Periodic boundary 
conditions in this kinetic model were applied to the ab planar boundaries. To 
simulate the many-body (stochastic) nature of the dissolution process by Monte 
Carlo methods, the frequencies of the three basic surface events are converted into 
possibilities. We defi ne the total frequency (Pt), i.e., the number of all possible 
events in a unit interval, as:

Pt = Ni,j– ki,j
Si– + Nj– kj

Al– + Ni,j+kSi
+ + Nj+ kAl

+ (13)
 

where Ni,j– is the number of Si atoms with i Si-O-Si and j Si-O-Al bonds available 
for detachment, Nj– the number of Al atoms with j Si-O-Al bonds available for de-
tachment, Ni,j+ the number of empty tetrahedral sites with i fi rst-nearest Si neighbors 
and j fi rst-nearest Al neighbors available for Si attachment, and Nj+ the number of 
empty tetrahedral sites with j fi rst-nearest Si bonds available for Al attachment. 
The interval (∆t) between two basic events can be expressed as:

∆t = 1/Pt (14)

In this interval, the probabilities of Si and Al detachment are, respectively:

PSi– = Ni,j– ki,j
Si–/Pt (15)

PAl– = Nj–kj
Al–/Pt  (16)
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Similarly, the probabilities of Si and Al attachment are, respectively:

PSi+ = Ni,j+kSi
+  /Pt  (17)

PAl+ = Nj+ kAl
+  /Pt  (18)

With the defi nitions of Equations 9–14, the stochastic algorithm proceeds as 
follows. (1) Initialization of the system. At dissolution time t = 0, the number of 
dissolved tetrahedral atoms NT = 0. (2) Generate a random number r. (3) If r < PSi–, 
randomly select a surface Si atom and vacate its T-site; NT = NT + 1. Go to step 7; 
(4) If PSi– < r < PSi– + PAl–, randomly select a surface Al atom and vacate its T-site; 
NT = NT + 1. Go to step 7; (5) If PSi– + PAl– < r < PSi– + PAl– + PSi+, randomly select 
an empty surface Si-site and coordinate a Si atom in this T-site; NT = NT – 1. Go 
to step 7; (6) If PSi– + PAl– + PSi+ < r < 1, randomly select an empty surface Al-site 
and coordinate an Al atom in this T-site; NT = NT – 1. Go to step 7; (7) Update Ni,j–, 
Nj–, Ni,j+, Nj+, and NT; (8) Increment elapsed time as t = t + ∆t.

Steps 2–8 are repeated in succession until a certain number of tetrahedral 
atoms are dissolved or precipitated. In the algorithm, the net number of dissolved 
tetrahedral atoms (NT) is recorded periodically together with the elapsed time (t). 
This enables us to calculate the dissolution rate of albite in the dissolution process. 
In the current study, the dissolution rate is normalized to the surface geometry area 
and thus has the units of [mol/m2/(1/v)].

Visualization of site ordering: A 2D projection model
To reduce the diffi culty in visualizing order/disorder relationships in three 

dimensions, we introduce a compact 2D projection model to show the effect of 
SRO/LRO variations on actual lattice confi gurations. In this model, the unit cell 
of albite is projected to the ab plane and rearranged into a 4 × 4 matrix. In Figure 
2, the unit cell of 16 tetrahedral sites is enclosed by a gray dashed frame. The four 
types of non-equivalent T sites have been distinguished by shading. T1o, T1m, 
T2o, and T2m sites are denoted as white circles, dark gray circles, medium gray 
circles, and light gray circles, respectively. Also, these tetrahedral sites have been 
numbered to denote their relative positions and their corresponding 3D positions 
can be found in Figure 1. With this projection model, an albite confi guration can 
be visualized as a sequence of 2D square lattices, each of which represents a (001) 
layer of one unit cell in height.

RESULTS AND DISCUSSION

Confi gurations
Pairs of SRO and LRO indices, U and S, corresponding to 

typical confi gurations before and after SRO minimizations, are 
shown in Figure 3. Low albite with S = 1 has the minimum value 
of U, which is referred to as U0 below. Prior to SRO minimization 
(gray squares in Fig. 3), U/U0 increases linearly from 1 to ~11 
when S decreases from 1 to ~0.33; as S is less than 0.33, U/U0 
remains constant at ~11. The correlation of U with S indicates 
that sublattices become more enriched in Si as more Al atoms 
disperse from T1o sites to the other three sets of T-sites. After a 
minimum of 50% T1o sites are occupied by Si atoms, the uneven 
Al/Si distribution is saturated. A similar correlation of U with S 
is also displayed for the confi gurations after SRO minimization. 
As shown by black diamonds in Figure 3, U/U0 increases linearly 
from 1 to ~6, when S decreases from 1 to ~0.6. In the S range of 
[–0.20, 0.6], U/U0 values vary between 6 and 7.

Comparison of the two sets of confi gurations before and after 
SRO minimizations indicates that the minimization reduces the 
incidence of Si clusters. Shown in Figure 3, all the SRO-mini-
mized confi gurations, except low albite, have a decrease in U 
relative to their corresponding crude confi gurations. A bigger 
drop of U corresponds to a smaller S value.

The effect of the minimization of U is shown by projection 
of the confi gurations. We fi rst applied the 2D projection model 
to the 24 initial confi gurations, 10 of which are shown in Figures 

4a–4j. In Figure 4, each square lattice represents a one unit cell 
high (001) layer randomly chosen from a typical confi guration. 
In these lattices, Al atoms are denoted by black squares. Con-
fi gurations with different LRO exhibit different texture patterns. 
For example, low albite possesses a well-organized texture in 
Figure 4a. Dispersions of Al from T1o into the other three sets of 
T-sites gradually replace this pattern with more diverse textures 
(Figs. 4b–4j). For instance, the exclusive dispersion of Al into 
T2o sites results in the texture with horizontal stripes (Fig. 4f). 
The texture with perfect vertical stripes (Fig. 4h) stands for the 
confi guration that apportions Al equally between T1o and T1m 
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bc

Si2 Si12Si15 Al1

Si11 Si10Al7 Si14

Al5 Si16Si13 Si8

Si4 Al6Si9 Si3

Oxygen-bridging bond

Frame of the unit cell of albite

T1m site

T1o site

T2o site

T2m site

FIGURE 2. The 2D projection model: the 16 tetrahedral sites in 
the unit cell of albite (Fig. 1) are projected onto the ab plane and are 
rearranged into a 4 × 4 matrix. In the 2D unit cell, the tetrahedral sites 
are numbered and their corresponding 3D positions can be found in 
Figure 1. By using the 2D projection model, a (001) layer of albite 
confi guration can be modeled as a square lattice.
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FIGURE 3. Pairs of SRO and LRO indices, U and S, corresponding 
to typical confi gurations before and after SRO minimization.
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sites. As a mixture of these two types of Al distributions, the 
confi guration in Figure 4g also exhibits a fairly well-organized 
texture. The rest of the confi gurational textures are relatively 

poorly organized, with irregular distributions of Si-rich sublat-
tices visible as small white irregularly shaped domains.

Figure 5 illustrates 8 SRO-minimized confi gurations. As low 
albite has zero freedom for SRO minimization, its confi guration 
remains unchanged (Fig. 5a and 4a). The other seven confi gura-
tions (Figs. 5b–5h) have more random Al distributions relative to 
their corresponding crude confi gurations (Fig. 4). For example, 
the special pattern in Figure 5f has changed dramatically from 
that in Figure 4g, yielding a random texture. As mentioned pre-
viously, our current SRO defi nition only takes into account the 
minimization of the number of Si atoms with four fi rst-nearest 
Si-O-Si bonds. As a result, the confi gurations such as that shown 
in Figure 5 have not yet eliminated all the Si-rich sublattices. As 
suggested by Vinograd et al. (2001), the optimization of albite 
confi guration is favored by the consideration of second-nearest 
neighbors. This effect is not investigated in the current model, 
as we did not introduce SRO parameters for pairs of second-
nearest neighbors.

Role of order/disorder in albite dissolution
Dissolution modeling was carried out on both the two sets 

of confi gurations. The modeling results show that the dissolu-
tion rates differ as a function of LRO and SRO. The data of 
(rate)/(rate)0 are plotted vs. S in Figure 6 where (rate)0 denotes 
the dissolution rate of low albite (Table 1). For the 24 initial 
confi gurations, their dissolution rates generally increase with 
the decrease of S. As listed in Table 1, the confi guration of S = 
0 has a dissolution rate 3.2 times greater than low albite. After 
SRO minimization, there is a universal increase in dissolution 
rates (shown as black diamonds in Fig. 6). For example, the 
SRO-minimized confi guration of S = 0 has a dissolution rate 5.2 
times of that of low albite. The universal increase in dissolution 
rates after SRO-minimization is due to the decrease in the size 
of Si-rich clusters. The presence of Si-rich clusters retards albite 
dissolution because the energy required to break a Si-O-Si bond is 
much higher than required to break a Si-O-Al bond. The increase 
in the number of Si-O-Si bonds that must be broken to release a 
surface Si atom increases the energy barrier exponentially. With 
a fi xed degree of LRO, a confi guration with a lower degree of 
SRO has a more regular distribution of Al and Si and therefore 
a larger dissolution rate.

The variations in dissolution rates for different confi gura-
tions (Fig. 6) show that the role of Al order/disorder on albite 
dissolution is signifi cant. For example, the dissolution rate of 
high albite can be as much as 5× that of low albite. To account 
for the effect of order/disorder, the Al-content dependence of 
dissolution rates of plagioclase feldspar was calculated. Here 
we have used the log-linear dependence of the dissolution rate 
of plagioclase feldspar on anorthite content observed by Blum 
and Stillings (1995): log(rate) ~ aXAn (XAn: the anorthite content 
of the plagioclase feldspar) where a = 1.2~2.0 at acidic pH in 
the XAn range of [0, 0.7]. An average value of a = 1.5 results in 
An47 having 5 times the dissolution rate of low albite. Another 
comparison can be made with the pH dependence of albite dis-
solution: log(rate) ~ –0.49 pH in the pH range of [1, 5] (Blum 
and Stillings 1995 and references therein). The fi vefold increase 
in the dissolution rate of albite corresponds to a decrease in pH 
value by 1.42.
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FIGURE 4. Different albite confi gurations before SRO minimization 
illustrated by the 2D projection model. Each square lattice represents a 
(001) layer of a typical albite confi guration where 20 × 20 unit cells are 
involved. Aluminum atoms are represented by black dots in the lattice, 
whereas Si atoms are represented by white dots. The four numbers in the 
bracket above a square lattice indicate Al fractions in T1o, T1m, T2o, 
and T2m, respectively.
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The evaluation of order/disorder effects can provide insight 
to the feldspar dissolution mechanism. The current debate over 
the dissolution mechanism under acidic conditions focuses on 
whether feldspar dissolution occurs by multilayer leaching or 
layer-by-layer retreat. In many experimental studies, the thick 
altered layer above the feldspar substrate has been considered 
as a leached layer, formed by preferential dissolution of alumi-
num (Hellmann et al. 1997; Oelkers et al. 2001; Nesbitt et al. 
2001). On the other hand, consistent with the mechanism of 
layer-by-layer retreat, recent microscopic observations on the 
surface structure (Jordan et al. 1999; Teng et al. 2001; Fenter 
et al. 2003a, 2003b; Hellmann et al. 2003) have shown that the 

altered layer more closely resembles a reprecipitated phase, 
below which monolayer surface features prevail in the defect-
free terrace areas. The coexistence of a reprecipitated phase and 
the undergoing dissolution on the top of the feldspar substrate 
is attributed by the mechanism of layer-by-layer retreat to the 
solution, which is oversaturated with respect to the reprecipitated 
phase but undersaturated with respect to feldspar. The porous 
structure of the reprecipitated phase provides an unimpeded 
transport channel for the feldspar dissolution below. We believe 
that the investigation of the role of order/disorder in these two 
competing models will provide insight into a better understand-
ing of feldspar dissolution. Our kinetic results associated with 
the dissolution modeling described earlier in this study have 
been based on the mechanism of multilayer leaching. Multilayer 
leaching occurs when Al atoms dissolve much faster than Si 
atoms (recall that ΦSiSi/kT= 6 and ΦSiAl/kT = 3), and thus any 
under-coordinated tetrahedral atoms can be involved in the dis-
solution processes regardless of their depth in the bulk structure. 
As shown previously, disordered (Al,Si) distribution under the 
process of multilayer leaching creates a large potential variability 
in the determination of the dependence of feldspar dissolution 
on the anorthite content and pH.

To test the dissolution mechanism of layer-by-layer retreat, 
we extended the dissolution simulation further to confi ne the 
dissolution to the uppermost single layer. In this case, Equation 
10 is replaced by: 

k e e ei j

i
kT

i
kT

h
kT

d

,
Si–

SiSi SiAl

= ⋅
− − −

ν
Φ Φ Ψ

 (19)

k e ej

j
kT

h
kT

d
Al–

SiAl

= ⋅
− −

ν
Φ Ψ

 (20)

These two equations represent the detachment frequencies 
of Si atoms and Al atoms, respectively. The index h denotes 
the layer relative to the uppermost surface layer, and ψd is the 
diffusion barrier coeffi cient. We set the value for ψd equivalent 
to the bond energy, to confi ne the dissolution to the uppermost 
layer. As a result, under-coordinated tetrahedra other than those 
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FIGURE 5. Different albite confi gurations after SRO minimization. 
Each square lattice represents a (001) layer of a typical albite confi guration 
where 20 × 20 unit cells are involved. Aluminum atoms are represented 
by black dots in the lattice, whereas Si atoms are represented by white 
dots. The four numbers in the bracket above a square lattice indicate Al 
fractions in T1o, T1m, T2o, and T2m, respectively.
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FIGURE 6. In the control of multilayer leaching, the resultant data of 
(rate)/(rate)0 are plotted vs. S where (rate)0 denotes the dissolution rate 
of low albite. For the 24 initial confi gurations, (rate)/(rate)0 increases 
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with S = 0 has its dissolution rate 5.2 times of that of low albite.
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in the uppermost layer would encounter a large energy barrier to 
release into solution. As a result, the dissolution rates observed 
for the 24 initial confi gurations converge (Fig. 7). There are no 
signifi cant differences in the dissolution rates, even between high 
albite with S = 0 and low albite with S = 1. Therefore, under the 
mechanism of layer-by-layer retreat, there is no strong effect of 
Al,Si order/disorder on the dissolution of albite.

The effect of Al,Si order/disorder differs so strongly in the 
two dissolution mechanisms that it becomes a unique indicator 
of albite dissolution mechanism. Unfortunately, there have been 
few direct investigations of such an effect. In the past, signifi cant 
efforts have been made in evaluating the dependences of the 
feldspar dissolution on ∆G, pH, ionic strength, and anorthite 
content. The majority of these studies, combined with our cur-
rent study, imply that the dissolution of feldspar is dominated 
by the layer-by-layer retreat mechanism. For example, despite 
the diversity of experimental materials, a collection of data from 
many K-feldspar dissolution studies showed a distinctly linear 
relationship between log(rate) and pH under acidic conditions 
(Chou and Wollast 1985; Manley and Evans 1986; Schweda 
1989; Casey et al. 1991; Oxburgh et al. 1994; Stillings and Brant-
ley 1995; for a review, see Blum and Stillings 1995). Blum and 
Stillings (1995) concluded that at the same pH, the plagioclase 
kinetic data from different laboratories roughly follows the same 
anorthite-dependence trend. Furthermore, the anorthite-content 
dependence of the feldspar dissolution at acidic pH is charac-
terized by a transitional point around An71—any plagioclase 
component with An<71 has a linear relation of its log(rate) to 
the anorthite content and any plagioclase component with An>71 
has a bigger dissolution rate than extrapolated from the linear 
relation (Blum and Stilings 1995). In our computer simulation 
investigations of plagioclase dissolution kinetics (Zhang and 
Lüttge, submitted), we found that only the single-layer retreat 
mode can generate the transitional point.

CONCLUDING REMARKS

Our main objective was to explore the infl uence of (Al,Si) 
order/disorder in the dissolution of albite. We adopted the tra-
ditional LRO coeffi cient S to quantify long-range disorder. As 

the Al fraction in T1o is known, the value of S is thus uniquely 
determined. However, because of the local variation in (Al,Si) 
distributions, a single S value can correspond to multiple albite 
confi gurations. Therefore, we introduced a new SRO parameter, 
U, with an exponential form to quantify the fi rst-nearest Si-Si 
enrichment. By minimizing U, we were able to minimize the Si 
enrichment in local sublattices.

Our dissolution modeling results show that the role of (Al,Si) 
order/disorder in albite dissolution is mechanism-dependent. If 
multilayer leaching is the dominant dissolution mechanism, the 
effect of Al,Si order/disorder can be comparable to the effects 
of pH and anorthite content on the dissolution of feldspar. On 
the other hand, the layer-by-layer retreat model does not show 
this relationship, and all the investigated albite confi gurations 
have similar dissolution rates. In the context of previous stud-
ies on feldspar dissolution, these results strongly imply that the 
layer-by-layer retreat mechanism dominates the dissolution of 
feldspar.

The kinetics of feldspar dissolution is a complex issue. Al-
though our kinetic model introduces signifi cant simplifi cations, 
its effi ciency has been demonstrated from various aspects. More 
correlated laboratory studies and fi eldwork would also be useful. 
Lastly, we note that our results are based on a limited system size. 
MC simulations with larger system sizes could be performed to 
evaluate fi nite-size effects.
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