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Abstract—Measured H and Na concentration depth profiles in albite samples dissolved at 300°C at
various pH conditions (Hellmann et al., 1997-Part III) are indicative of the complex nature of diffusion
within leached/H-enriched layers. A qualitative comparison between the measured profiles and profiles
based on various diffusion models reveals that the inward diffusion of H species and the outward
diffusion of Na are not independent, but rather are interrelated by an interdiffusion process that can be
modeled with a single interdiffusion coefficient D. The coefficient D varies as a function of the concentra-
tion of either H or Na and is thus dependent on depth. The proposed interdiffusion model is based on
rates of Na diffusion that are up to several orders of magnitude faster than H diffusion (Dy,/Dy > 1),
this being in accord with direct diffusion measurements from the glass dissolution literature. Modeling
results reveal that the rate of H diffusion is one of the most important parameters in determining the
depths of leached/H-enriched layers. Based on a qualitative comparison between the measured profiles
and the interdiffusion model, a lower limit of Dy = 107" cm’® s~' can be estimated for leached/H-
enriched layers created at acid pH (3.3-3.4) and 300°C. Depending on the estimated value of Dy,/Dy,
this corresponds to Dy, > 10~ cm?® s ™!, The use of a structural factor with D imparts an even greater
concentration dependence on the interdiffusion coefficient. Increasing the value of the structural factor
has the effect of greatly increasing the depth of leaching/H enrichment for any given set of constant
Dy and Dy,/Dy values. Irreversible chemical reactions which result in the uptake of H species, such as
framework bond hydrolysis reactions, are also potentially important in correctly modeling diffusion of
leached/H-enriched layers. Increasing the rate of reaction acts as a damping factor on steady-state
diffusion profiles. Chemical reactions within leached/H-enriched layers potentially necessitate the addi-
tion of a chemical reaction term to the applied diffusion model in order to avoid an underestimation of

diffusion rates.

1. INTRODUCTION
1.1. Diffusion in Leached/H-Enriched Layers

The present study is the fourth in a series devoted to the
dissolution of albite at elevated temperatures and pressures.
The preceding article in this issue entitled, ‘‘The albite-water
system Part III. Characterization of leached and H-enriched
layers formed at 300°C using MeV ion beam techniques,”’
is a companion article; it is henceforth referred to simply as
Part III. The main purpose of the present study is a better
understanding of diffusion within leached and H-enriched
zones that are formed during the dissolution of feldspars.
Leached zones occur due to the preferential release of easily
exchangeable interstitial cations from the bulk structure,
such as Na, K, and Ca, as well as the preferential release of
framework-forming elements, such as Al. Associated with
this process of preferential leaching is the creation of H-
enriched zones due to the large-scale permeation of the near-
surface structure by H species from the aqueous solution.
Since these processes occur concomitantly within the near-
surface structure, they are often referred to together as a
leached/H-enriched layer, or alternatively, simply as an al-
tered layer. The formation of these altered layers is not solely
restricted to feldspars; they also occur in certain other classes
of minerals and glasses, as well. The depths of leached/H-
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enriched layers can range from a few tens of A to many
thousands of A. In general, the specific conditions of dissolu-
tion, such as time, pH, temperature, solution composition,
as well as the composition and structure of the mineral or
glass, determine the depths of these altered layers (see Re-
sults and Discussion in Part III; and references therein).
The study of leached and H-enriched zones in minerals
and glasses is important in understanding the overall dissolu-
tion process, both from a macroscopic point of view (i.e.,
measured laboratory rates), as well as the fundamental as-
pects of hydrolysis and detachment reactions at an atomic
level. Leached/H-enriched zones in the near surface of min-
erals and glasses also play a potentially important role in
the retention of trace and heavy elements (see Petit et al,,
1990). This has important consequences with respect to the
geochemical cycling and transport of these elements in natu-
ral environments (e.g., mid-ocean ridges ). Aside from global
geochemical cycles, leached and H-enriched layers that form
during the dissolution of glasses ( both natural and manmade )
are important with respect to the retention of harmful radio-
nuclides (Petit et al., 1990). Understanding the adsorption
of such species in altered glass layers has an important bear-
ing on modeling groundwater interactions with underground
repository sites containing radwastes encapsulated in glasses.
Historically, there has been a debate as to the existence
of leached/H-enriched layers. However, with the advent of
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modern ion beam and spectroscopic/spectrometry tech-
niques, their existence has been confirmed. Recent studies,
using a variety of techniques, have documented in detail their
chemical composition with depth (e.g., Berner and Holdren,
1979; Casey et al., 1988; Muir et al., 1989; Petit et al., 1990;
Hellmann et al., 1990, Part III (see detailed discussion);
Schweda and Sjoberg (1997); and references therein). The
influence of these altered zones on dissolution kinetics has
been debated for at least two decades. Altered layers, as well
as secondary surface precipitates, that were observed to form
as a response to weathering or hydrothermal alteration reac-
tions were originally thought to play a role in retarding the
overall dissolution process of minerals and glasses (see ex-
tensive discussion in Hellmann, 1995; Part III). Experimen-
tal evidence, however, showed that steady-state reactions
were surface reaction controlled, and not diffusion-limited
by transport of dissolved species through altered layers or
precipitates. Nonetheless, current thinking is still rather di-
vided on the importance of leached/H-enriched layers with
respect to their influence on the overall rates of reaction of
minerals and glasses (e.g., Brantley and Stillings, 1996; see
also discussion of altered layers in Blum and Stillings,
1995).

One line of current thinking, which is the basis of this
article, is that surface reactions control the overall rate of
dissolution, but that these surface reactions are, in turn, in-
fluenced by reactions and processes occurring within leached
and H-enriched zones, and vice versa (e.g., Hellmann, 1995;
Part III). This hypothesis is termed surface reaction-leached
layer kinetics (Hellmann, 1995). One of the keys to this
interrelationship between the surface and the near surface
is understanding how the inward and outward diffusion of
elements operates within the near-surface altered zone,
which extends from the surface to the unaltered bulk struc-
ture. Dynamic processes that occur during dissolution, such
as the diffusion of species within a near-surface altered zone,
have a potential influence on the chemical and physical prop-
erties of the surface. This leads to the premise that surface
detachment reactions will occur at a rate that is influenced
not only by the fluid/solid interface environment, but also
by the structure and composition of leached and H-enriched
layers that form between the surface and the bulk structure.
Thus, knowledge of diffusional processes, which control the
composition and structure of altered layers, is necessary for
a complete understanding of the mechanisms and kinetic
controls of dissolution reactions. Such information is crucial
for correctly modeling dissolution reactions, particularly hy-
drolysis and detachment reactions on an atomic scale, such
as with ab initio methods, etc.

When feldspars, similar minerals, and many glasses un-
dergo dissolution reactions, the inward flux of H into the
near-surface structure and the corresponding outward fiux
of interstitial and framework cations towards the fluid/solid
interface can be characterized in terms of diffusion. The goal
of the present study is to gain a better understanding of how
H and interstitial cations diffuse within leached/H-enriched
zones formed in feldspars. Specifically, various types of dif-
fusion models are presented that are applicable to the out-
ward diffusion of Na and the inward diffusion of aqueous
H species. The diffusion profiles generated by these models

are qualitatively compared to measured diffusion profiles in
albite samples that were dissolved at acid pH conditions at
300°C (Results in Part III). This qualitative comparison
allows for the following important aspects of diffusion in
leached/H-enriched layers to be better understood: (1) the
relative rates of diffusion, and which species is rate-limiting,
(2) an estimation of diffusion rates, (3) the coupling be-
tween the inward and outward diffusion of species, (4) the
influence of compositional/structural gradients on rates of
diffusion, and (5) the influence of chemical reactions within
the leached/H-enriched zone on rates of diffusion.

The Na and H diffusion profiles in altered albite samples
were measured (Part III) by a MeV ion beam technique
called Resonant Nuclear Reaction Analysis (RNRA). Infor-
mation from this technique was complemented by qualitative
results provided by two other MeV techniques, RBS and
ERDA (also in Part III). The results and data from this
study and Part III complement aqueous data obtained from
two previous albite dissolution studies at elevated tempera-
tures and pressures, the first pertaining to the pH-dependence
of steady-state rates of dissolution (Hellmann, 1994; referred
to as Part I), and the second pertaining to the stoichiometry
of dissolution as a function of time (Hellmann, 1995; re-
ferred to as Part I1).

It appears that the leaching of Na and the enrichment of
H in albite dissolved at elevated temperatures at acid pH
conditions extend to depths on the order of 1-2 um (see
Part III). However, the RNRA analyses did not extend be-
yond depths >6000 A, and for this reason the full extent of
Na leaching and H penetration is not known. This can be
seen in Figs. 3 and 4a in Part III, which show incomplete
H and Na profiles. These incomplete profiles did not warrant
a direct comparison with the synthetic diffusion profiles de-
rived in this study, which show the full extent of diffusion
processes from the surface to the unaltered bulk structure.
For this reason, no attempt has been made to actually model
or fit equations to the measured profiles in order to obtain
precise diffusion coefficients. Instead, the present study is
based on the development of a series of diffusion modelis,
starting with Fick’s 2nd law. Successively more complicated
diffusion models are presented, which include the use of
nonconstant diffusion coefficients and the effects of chemical
reaction. These models address many important questions
regarding the interrelated behavior of Na and H diffusion.
Most importantly, however, these diffusion models permit a
qualitative comparison with the H and Na profiles and depths
of alteration determined experimentally in Part III. This com-
parison is useful for gaining a better understanding of which
parameters are important and which diffusion models
are most accurate in describing the diffusion behavior of H
and Na.

The comparisons are based on profiles obtained for disso-
lution at acid pH conditions (pH 3.4 and 300°C; diffusion
profiles presented in Part III). The acid pH diffusion profiles
were chosen since they show the greatest degree of Na deple-
tion and H permeation. Nonetheless, the conclusions drawn
from this comparison can just as well be applied to neutral
pH conditions. However, for certain dissolution conditions,
such as at basic pH, the thickness of the H-enriched region
is insignificant (<1000 A), such that caution is called for
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when comparing experimental profiles with results from dif-
fusion models.

As will be shown in the development of the diffusion
models, the qualitative agreement between the models and
the profiles is only approximate, but that is to be expected
given the incomplete nature of the experimental profiles.
This may also be due, in part, to diffusion models that are
not yet sophisticated enough to incorporate all of the physical
characteristics and chemical processes (i.e., diffusion and
chemical reactions) that occur within leached/H-enriched
layers formed at elevated temperatures. Thus, more work on
this subject can be foreseen in the future. Nonetheless, it is
important to note that the results from the present study
already provide much important and new information on
diffusion within feldspar leached/H-enriched zones. This in-
formation can also be applied to other minerals and glasses,
where significant preferential leaching and/or H-enrichment
occur during dissolution.

1.2. Previous Work

Even though leached/H-enriched layers in feldspars and
other minerals have been confirmed by a variety of experi-
mental methods, including both solution data and near-sur-
face analytical techniques (see references in Introduction
of Part IIT), little information is available in the literature
concerning diffusion in leached/H-enriched layers in miner-
als and glasses. Chou and Wollast (1984) determined diffu-
sion rates in altered layers formed on albite samples that
were dissolved at 25°C at acid and neutral pH conditions.
Using Fick’s 1st law, they calculated Na diffusion rates that
varied between 3.6 X 107" at acid pH (pH 1.2) and 10720
cm’ s ! at neutral pH. A similar range exists for alkali diffu-
sion rates in feldspars, extrapolated to 25°C, by Correns
(1963), Wollast (1967), Paces (1973), and Busenberg and
Clemency (1976) (see values in Table 4 in Chou and Wol-
last, 1984). Significantly faster rates were found for Mg
diffusion in Mg-silicates by Luce et al. (1972). As pointed
out by Chou and Wollast (1984), however, a direct compari-
son of diffusion rates is difficult, owing to different mathe-
matical assumptions, as well as the use of steady-state vs.
nonsteady-state models.

In Part II, aqueous dissolution data were used to extrapo-
late diffusion rates of Na and Al at 100, 200, and 300°C.
To briefly summarize the main findings, the extrapolated
diffusion rates for Na and Al fit within an envelope of diffu-
sion rates (see Fig. 11, Part II) bounded by Na diffusion in
albite (i.e., the lower bound ) and Na diffusion in albite glass
(the upper bound). This was used as evidence that albite
leached layers have transport properties intermediate be-
tween that of a crystalline and a glassy solid, which has a
more open structure. It was also noted that the diffusion rates
for Na and Al were of roughly the same magnitude. As was
also shown in several past studies (e.g., Chou and Wollast,
1984; and references therein), the results in Part II show
that the rates of diffusion in leached/H-enriched layers have
a strong pH-dependence. The extrapolated rates of diffusion
in layers created at very low acid pH conditions were as
much as several orders of magnitude faster than those formed
at neutral pH (see Fig. 12, Part II).

The problem inherent with the extrapolation of diffusion
rates from aqueous data is that certain assumptions must be
made concerning the shape of diffusion profiles. Often, a
simple linear diffusion gradient is assumed (e.g., Chou and
Wollast, 1984; Part IT). As discussed in Parts II and III, this
can lead to a significant underestimation of diffusion rates.
Far more accurate determinations of diffusion rates are possi-
ble when diffusion models are applied to directly measured
diffusion profiles. Sjoberg et al. (1995) measured H profiles
by SIMS in plagioclases reacted at acid pH and 25°C. They
also found a pH-dependency of the diffusion rates. Their H
diffusion coefficients increase with decreasing pH from
107"® to 107" cm?® s ' for reaction at pH 3 and 1, respec-
tively. They also proposed an alternative diffusion model
based on H diffusion and reaction within the leached/H-
enriched zone. This led to a pH-invariant H diffusion coeffi-
cient of 1072 cm® s ~'. This value is many orders of magni-
tude faster than those reported in Table 4 of Chou and Wol-
last (1984). The results from Sjoberg et al. (1995) show
that diffusion modeling of leached layers is not as straightfor-
ward as has been previously assumed.

2. DIFFUSION MODELING
2.1. Introduction

As is the case with most diffusion modeling, the point
of departure is Fick’s 2nd law, which for the case of one
dimensional diffusion in a semi-infinite medium (forx' > 0)

is expressed as
ac _ o oc
—=—1\{D— 1

o ox' < 6x'> ()

where C is the concentration of the diffusing species, ¢ is
time, x' is the depth (positive distance from the fluid/solid
interface into the solid), and D is the coefficient of diffusion.
The solution to the above expression, using a Laplace trans-
form method (see Crank, 1990), is relatively straightforward
when the diffusion coefficient is constant. The solution,
given below, is applied to the case of H diffusion into the
near-surface structure, satisfying the boundary condition C
= Cy for x’ = 0 and ¢ > 0, and the initial condition C = 0
forx' >0andt=0:

x'

C = C, erf 2
OCC%}T) (2)

The general solution shown above gives the normalized con-
centration (i.e., C/C,) of H as a function of time and depth
for a given constant value of Dy. Figure 1 shows a set of
diffusion profiles (based on Eqn. 2, with Dy = 107 cm?®
s ') representing H infiltration as a function of depth for
various values of time.

The steady-state solution (z = ) is shown in Fig. 1 by
the horizontal line representing a constant concentration of
H as a function of depth. This type of a steady-state profile
is not realistic for most samples, however, and is generally
not very useful for describing diffusion profiles (H or Na)
for steady-state dissolution conditions. The main reason for
this is that diffusion is counterbalanced by other processes
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Fig. 1. The time evolution of H permeation of the near-surface structure, based on Eqn. | (see text) and Dy =
107" c¢m? s~'. Note that the values for [H] are normalized with respect to [H], and that the fluid/solid interface is
located at depth = O; this holds true in this figure and all following figures. In this model the fluid/solid interface
remains stationary. Short time solutions, such as shown, may be applicable to describing H diffusion profiles during
the initial stages of dissolution, when the rate of diffusion > rate of dissolution.

occurring during dissolution. One of these processes is the
constant retreat of the fluid/solid interface during dissolu-
tion. Before discussing this further, however, it should be
noted that short time solutions to the diffusion equation,
given by Eqn. 2, may be applicable during the initial stages
of dissolution, when the rate of diffusion is far greater than
the rate of dissolution (see discussion in Lanford et al.,
1979). In addition, Eqn. 2 may be used to describe diffusion
when dissolution (i.e., the rate of retreat of the fluid/solid
interface) is very slow, such as at neutral pH and 25°C.

2.2. Diffusion with a Moving Boundary

As mentioned above, the solution to the general diffusion
equation, expressed by Eqn. 2, is only valid for a fixed
coordinate system, and, therefore, does not account for the
fluid/solid interface continuously retreating as a function of
time during dissolution. Rewriting Eqn. 1 to account for a
moving boundary necessitates a change in variables, based
on the relation

x=x"—at (3)

where x' is the distance of an arbitrary plane (within the
altered structure ) from the original fluid/solid interface (i.e.,
att = 0), x is the distance of the same plane from the actual
interface, and a is the rate of retreat of the interface. This
change in coordinates ensures that x = 0 represents the fluid/
solid interface at any time ¢. The general diffusion equation
below accounts for a continuously moving boundary (Dore-

mus, 1975)
ocC a oC ocC
(5) ~ox (”a) ¥ ”(a) @

where a is the rate of retreat of the fluid/solid interface.

In the following treatment of diffusion in leached/H-en-
riched layers, solutions to Eqn. 4 are presented, based on
various diffusion models, ranging from simple to more com-
plex cases. In all cases, the equations are solved for the
steady-state condition. It is assumed that the measured con-
centration profiles of H and Na are invariant with time, and,
therefore, the steady-state condition 0C/9t = 0 is valid (see
Discussion in Part I1T). In addition to the steady-state condi-
tion, the diffusion equations discussed below satisfy the fol-
lowing boundary conditions (note that concentrations are
normalized to the bulk concentration): for H, at x = 0, Cy
= 1 (the fluid/solid interface ), and at x = o (the H-enriched
layer/bulk interface), Cy = 0 and dCyx/dx = O; for Na, at
x =0, Cy, =0, and at x = o« (the leached layer/bulk
interface), Cx, = 1 and dCy,/dx = 0. The boundary condi-
tions dCy/dx = 0 and dCy./dx = O at x = = have been
substantiated in numerous measured elemental depletion and
H profiles (e.g., Casey et al., 1988; Petit et al., 1989b, Hell-
mann et al., 1990). Setting the boundary condition Cx, = 0
at the fluid/solid interface is based on experimental data.
Many studies have shown that altered feldspars satisfy the
condition Cy, = 0 (where Na is equivalent to K or Ca,
depending on the feldspar) at the fluid/solid interface after
dissolution in acid pH conditions, and occasionally also at
neutral pH solutions (e.g., Petit et al., 1989b; Muir et al.,
1990; Part III; Schweda and Sjoberg (1997)). In all cases,
the rate of interface retreat ¢ is set equal to 1 A s~ (based
on the measured rate of dissolution at pH 3.4 and 300°C).

2.3. Constant D

The simplest case of diffusion with a moving boundary
is based on constant values for Dy and Dy,. Taking Egn. 4
and integrating twice with the appropriate boundary values,
results in the following steady-state solutions for H and Na,
respectively:
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Fig. 2. Steady-state H diffusion profiles as a function of depth, based on values of Dy ranging from 10~" to 10~
cm® s~'. The exponentially decreasing profiles are based on Eqn. 5, where Dy is constant. Note that in this and all
following figures, the diffusion profiles are based on a moving fluid/solid interface, with a rate of retreat equal to 1

A s™! (see text for details, Eqn. 4).

Cy = cxp(%) (5)
Cu=1- exp(%") (6)

Figures 2 and 3 show the calculated profiles for H and
Na concentration vs. depth, respectively, based on the above
equations. Each figure shows several diffusion profiles, cor-
responding to constant diffusion coefficients, Dy and Dy,,
that range from 10~ to 10™'* cm? s™!. This range for Dy,
agrees well with the experimentally determined range of
values at 300°C reported in Part Il (Dy, =~ 107" to 10"
cm® s ~'; see Fig. 11, Part II). The calculated profiles shown

in Figs. 2 and 3 show H infiltration and Na depletion oc-
curring to depths of several thousand A when the respective
diffusion coefficients are greater than 107" cm® s ', Values
of Do < 107" cm® s ' yield Na and H profiles that are
representative of leached/H-enriched layers that are at most
only several hundred A thick.

The curves in Figs. 2 and 3 display characteristic exponen-
tial behavior often encountered in the literature for tracer
and self-diffusion experiments. Boksay et al. (1967, 1968)
used Egn. 6 to model the distribution of cations in leached
layers occurring in glasses. However, the exponential form
of the calculated curves does not resemble the sigmoidal
profiles that have been measured by a variety of techniques
in altered feldspars (see references in next section). In a
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Fig. 3. Steady-state Na diffusion profiles as a function of depth, based on values of Dy, ranging from 107! to
107" ¢m? s'. The exponentially increasing profiles are based on Eqn. 6, where Dy, is constant.
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study of a naturally hydrated obsidian by Lee et al. (1974),
the RNRA data also show a very distinct sigmoidal H profile.
Doremus (1975), in modeling the outward diffusion of alka-
lis in alkali silicate glasses, also noted that exponential pro-
files do not produce a satisfactory fit of experimentally-mea-
sured diffusion profiles. This mismatch was attributed to
modeling the diffusion process with a constant diffusion
coefficient in Eqn. 4.

2.4. Interdiffusion Coefficient D

As discussed above, the use of constant diffusion coeffi-
cients for H and Na does not reproduce the general behavior
of experimentally determined diffusion curves in altered
feldspars, as well as in other silicates and glasses. With
respect to albite, this is due to the fact that the outward
diffusion of Na and the inward diffusion of H are not inde-
pendent, but rather are coupled by an ion exchange reaction
between H* (or H;0 %) and Na* (see Part II, and references
therein). Experimental evidence for the interdependent na-
ture of Na and H diffusion can be found in Petit et al.
(1989b). In their study they noted a suppression of Na loss
as well as a marked decrease in H penetration when feldspars
were dissolved in solutions spiked with elevated concentra-
tions of Na. The anticorrelative nature of the H and Na
RNRA profiles in Part ITT (Figs. 3 and 4a) also suggest ion
exchange between H and Na.

To take into account this interdependency necessitates the
use of a nonconstant diffusion coefficient in the diffusion
equation given in Eqn. 4. For the case of binary (2 compo-
nents ) diffusion, it was shown by Darken (1948) and Hartley
and Crank (1949) that the diffusion behavior of such a sys-
tem can be described by a single interdiffusion coefficient
(also called a mutual diffusion coefficient), where the inter-
diffusion coefficient varies as a function of the concentration
of the diffusing species. The following expression can be
used to describe binary cation diffusion behavior in silicate
minerals (from Brady, 1995; see original references
therein):

D _ I:(D;kz)(D;l;Z)(aNAZ + bNBZ)Z:I
B, =
’ (a’NazD¥; + b’Nyg D)

x [1 + (___a In 7“) } (7a)
OInNaz/pr

where the reaction is A7¢Z ;° < B*Z ;*, DX, and D}, are
the respective tracer diffusion coefficients for phases AZ and
BZ, and N,; and Np; are the mole fractions for each phase
(for a generalized relationship concerning diffusion in multi-
component minerals, see Lasaga, 1979). For the case of “a
= *b, and neglecting the activity coefficient term (y,, =~ 1),
then the interdiffusion coefficient given by Eqn. 7a can be
expressed in terms of H and Na interdiffusion as follows
(Baucke, 1974; Doremus, 1975):

DNaDH DNa

D= =
CnaDya + (1 = Cna)Dy 1 + Crab

(7b)

where Dy, and Dy are individual diffusion coefficients, Cy,
is the bulk normalized concentration of Na, and b = (Dy,/

Dy) — 1. The interdiffusion model presented here assumes
that the diffusive fluxes of H and Na are equal and opposite.
It is important to note that in this model, the diffusion coeffi-
cients Dy, and Dy are invariant with concentration and depth.

Note that in the expression above, D varies in a nonlinear
fashion with concentration, and by implication, with depth
as well. The variation of D as a function of Cy, is shown in
Fig. 4 (curve corresponding to & = 0). Note that the sharp
decrease in the log normalized value of D over the range
Cna = 0-0.2 implies that the rates of H and Na interdiffusion
are significantly faster, by more than 2 orders of magnitude,
close to the fluid/solid interface as compared to deeper
within the leached layer structure.

Substituting D for D in Eqn. 4 and integrating twice,
subject to the appropriate boundary conditions, results in the
following solution relating Cy, to depth (Doremus, 1975):

_ [l = exp(—ax/Dy)]
Cra = [1 + b exp(—ax/Dy)} 8

where b = (Dy,/Dy) — 1 (note that Eqn. 8 corrects for a
sign error in the numerator of Eqn. 9, Doremus, 1975).

Figure 6a shows a series of Na interdiffusion profiles
based on Eqn. 8. The corresponding H interdiffusion profiles
are shown in Fig. 5. Note that the H profiles were also
calculated from Eqn. 8, using the relation Cy = 1 — Cy,.
The most important difference between these profiles and
the preceding ones (Figs. 2, 3) is their sigmoidal behavior.
Note that all of the profiles are sigmoidal (curves d—h in
Figs. 5, 6a), except for the profiles based on Dy,/Dy = 1
(curves a—c), which show exponential behavior. When Dy,/
Dy = 1, such that & = 0 in Eqn. 8, Eqn. 8 reduces to Eqn.
6 (which also requires an exchange of the H and Na diffusion
coefficients ). The important point to note is that sigmoidal
diffusion profiles, when based on diffusion defined by Eqn.
4 and an interdiffusion coefficient corresponding to Eqn. 7b,
require Dy,/Dy > 1.

The sigmoidal H and Na diffusion profiles in Figs. 5 and
6a are in much better accord with measured leaching and H
enrichment profiles of altered feldspars found in the litera-
ture; the same holds for many silicates and silicate glasses,
as well (see examples in Baucke, 1974; Lanford et al., 1979;
Smets and Lommen, 1982; Dran et al., 1988; Petit et al.,
1989a,b, 1990; Hellmann et al., 1990; Schweda and Sjoberg,
1997). Apparent exceptions to this are discussed further on
in the Discussion and Summary section.

The sigmoidal diffusion profiles in Figs. 5 and 6a are
based on Dy,/Dy ratios ranging from 10' to 10°. These
values imply a greater diffusivity of alkalis with respect to
hydrogen species. Although the relative H and Na diffusivit-
ies were not measured in the present study, data from silicate
glass dissolution studies show a far greater diffusive mobility
of alkalis vs. hydrogen species, by several orders of magni-
tude (see Baucke, 1974; Lanford et al., 1979; Smets and
Lommen, 1982; and references therein). The greater mobil-
ity of Na vs. H can be ascribed to the greater number of
adsorption sites available to diffusing H species, such as
bridging oxygen sites and metal-OH groups within the
leached/H-enriched layers. Adsorption serves to decrease
the effective rate of diffusion.
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Fig. 4. The variation of the log normalized interdiffusion coefficient as a function of normalized Na concentration,
and by implication, depth (increasing, left to right). Note that with increasing values of the structural factor (), the
nonlinearity of the diffusion rate as a function of [Na] and depth increases (see Eqn. 9 and text for details).

The H and Na diffusion profiles shown in Figs. 5 and 6a
can be used to estimate rates of H and Na diffusion in the
altered zone, based on data for Na leaching and H penetration
depths presented in Part ITI. Note that three depth scales are
given in each of the figures. The maximum depths and the
specified Dy values (cm? s™') for each depth scale are as
follows: 2,000 A (Dy = 107); 20,000 A (Dy = 1077)
and 200,000 A (Dy = 107'2). Values for Dy, are a function

of the ratio Dy,/Dy. Based on the H RNRA data given in
Part III (see Fig. 3), the H plateau extends to depths >6000
A. The ERDA data presented in Part III (see Fig. 9), while
not quantitative with respect to absolute H concentrations,
do show a continuous amount of H enrichment over a depth
of at least ~1 um (10,000 A). Similarly, even though the
Na RBS data in Part III are also not quantitative, Na deple-
tion also extends to significant depths, on the order of 2um
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Fig. 5. Steady-state H diffusion profiles based on H and Na interdiffusion (see Eqn. 8 and text). The profiles are
plotted as a function of depth and various values of Dy,/Dy. The interdiffusion coefficient is not a constant but varies
as a function of depth and concentration (see @ = 0 curve in Fig. 4). Note the depths of H penetration are a strong
function of Dy, while a much weaker function of Dy,/Dy. The maximum depths along the x axis are evaluated in
terms of three different values of Dy, resuiting in maximum depth scales ranging from 2,000 to 200,000 A. Note that
the diffusion profiles display either exponential behavior, when Dy,/Dy = 1, or sigmoidal behavior when Dy,/Dy
> 1. Based on a comparison with the acid pH results in Part 1II, a lower bound of Dy = 107" cm? s~! can be

estimated.
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Fig. 6. (a) Steady-state Na diffusion profiles based on H and Na interdiffusion (see Eqn. 8). Note the increasing

depth of Na depletion with increasing Dy; and increasing
interpretation of the diffusion profiles. (b) The effect of

Dna/Dy. See Fig. 5 caption for more details concerning the
increasing the value of Cy, i, at the fluid/solid interface is

shown by this family of steady-state Na interdiffusion profiles (D = 107" ¢m® s ™', and Dy,/Dy = 1000 for all

profiles). Note that the slope of the sigmoidal diffusion
lost by diffusion decreases with increasing values of Cy,

(see discussion on limitations of data in Part III). Based on
these estimates for H enrichment and Na depletion depths,
the most reasonable choice for Dy is =107 cm? s7'. As
can be seen in Figs. 5 and 64, it is more difficult to estimate
the value of Dy,, given the lack of exact depths of Na leach-
ing and H enrichment in Part III. Nonetheless, it seems rea-
sonable to estimate that Dy,/Dy = 1. This estimate, ac-
cording to Figs. 5 and 6a, yields reasonable depth estimates
for both H enrichment and Na depletion that are compatible
with the data in Part III.

It is interesting to note that the overall depths of H enrich-
ment are not as sensitive to the ratio Dy,/Dy as they are to
the value of Dy;. This can be easily demonstrated by examin-
ing Fig. 5 and choosing two different values of Dy,/Dy,
with Dy = 107" c¢cm® s™' remaining fixed. For example,

front becomes shallower and that the overall amount of Na

min -

when Dy,/Dy = 107 (curve e), H penetration extends to
~10,000 A; this can be compared to Dy,/Dy = 10* (curve
g). in which case H penetration extends to ~15,000 A. This
shows that an increase of 102 in Dy, increases the depth of
H penetration by only ~5,000 A. The same type of result
holds for Na depths of depletion. On the other hand, a change
of Dy by an order of magnitude also changes the correspond-
ing Na and H depths by an order of magnitude (for a constant
ratio Dy,/Dy). The implication for this is quite important in
that it demonstrates that the value of Dy plays a dominant
role in determining Na leaching and H penetration depths,
based on an interdiffusion coefficient of the form given by
Eqn. 7b.

In the discussion earlier concerning boundary conditions
and parameters as applied to the general form of the diffusion
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equation (Eqn. 4), it was stated that Cy, m, = O at the fluid/
solid interface (i.e., depth x = 0) is generally applicable, as
based on experimental evidence on feldspar (albite ) dissolu-
tion at acid pH conditions. As shown in Part III (see Fig.
4a), however, this doesn’t necessarily hold true at other pH
conditions of dissolution, such as at neutral pH. For the case
where Cnymin > 0, the Na interdiffusion profiles still retain
their sigmoidal shape, however. What does change is the
nature of the diffusion front. Figure 6b illustrates this with a
family of Na interdiffusion profiles, corresponding to Cy, min
ranging from 0 to 0.8 at x = 0 (all diffusion profiles are
based on Dy = 107 cm? s™', and Dy,/Dy = 1000). A
comparison of the profiles reveals that increasing the value
Of Cnamin results in the diffusion front becoming shallower.
The overall depths of Na depletion in all cases remain the
same, but the overall amount of Na depletion necessarily
decreases with increasing values of Cy, min. The calculation
of diffusion profiles, where Cy,min > 0, is based on a simple
mathematical transformation given by C'(x) = Cnymin + (1
— Cnamin)C(x), where C’(x) is the concentration of Na at
depth x for a given value of Cy, min, and C(x) is the concen-
tration of Na at depth x corresponding to Cx,min = O.

2.5. Interdiffusion Coefficient 5, Incorporation of a
Structural Factor («)

Despite the fact that the calculated profiles shown in Figs.
5 and 6a display sigmoidal behavior and depths of alteration
that are physically reasonable, one question that should be
addressed concerns itself with the (speculative) situation of
H-enrichment and Na depletion being significantly greater
than ~17,000 A. Based on Figs. 5 and 6a, ~17,000 A of
Na leaching and H enrichment corresponds to the maximum
attainable alteration depth, with Dy = 107 cm®s ™! and Dy,/
Dy = 10°. An increase in alteration depths can be effected in
a variety of ways. One way of extending alteration depths
is simply to further increase either the ratio Dy,/Dy, or the
rate of diffusion of H, such that Dy = 1072 cm?® s7!, for
example. Note that changing the latter has by far the greatest
effect on increasing the depth of alteration. Another means
of achieving this is by the introduction of a structural factor,
denoted by a. The introduction of such a factor provides a
mathematical means of increasing the mobility of diffusing
species close to the fluid/solid interface, without increasing
the values of the individual diffusion coefficients, Dy,
and Dy.

The use of « is not purely mathematical, however. The
physical significance of « is to increase the concentration
(i.e., depth) dependence of the interdiffusion coefficient. As
will be shown below, the use of this structural factor allows
the rate of Na and H interdiffusion to dramatically increase
towards the fluid/solid interface. This is based on the prem-
ise that as the leached/H-enriched zone progresses into the
structure, the leached/H-enriched region close to the fluid/
solid interface becomes more open, thereby allowing faster
rates of interdiffusion.

As an example of this, Lanford et al. (1979) modeled
diffusion curves in altered glasses that were measured as a
function of time. Using the diffusion model described below,
they obtained best fits to their diffusion data by increasing

«a from 1 to 10 for profiles that were obtained as a function
of time. They noted that this could be attributed to structural
changes and stresses which built up with increasing time in
the leached/H-enriched zone during the dissolution of the
glass. In the present study, the use of an interdiffusion coef-
ficient with a structural factor provides a steady-state diffu-
sion model which allows for significantly higher degrees of
H penetration and Na loss simply by dramatically increasing
the mobility of these species close to the fluid/solid interface.

A structural-interdiffusion coefficient can be formulated
by letting D vary linearly as a function of concentration (Cy
in this case) and «, as shown in the following equation (from
Lanford et al., 1979):

(1 + aCy)

Do = (1 + aCy)D =
(I +aC)D =" 3

Dy (9

In Eqn. 9, « is an adjustable parameter and b = (Dy/Dy,)
— 1. As compared to D in Eqn. 7b, the additional concentra-
tion dependence of D, is a function of multiplication of D
by the term (1 + aCy).

Figure 4 shows the effective diffusion coefficient (log D,/
Dy) as a function of Cy, and the parameter a (for Dy/Dy,
= (0.001). Note that in Fig. 4, Cy, rather than Cj; was used,
thereby allowing the depth into the leached/H-enriched layer
to increase from left to right (i.e., Cy, = O corresponds to
the fluid/solid interface). The curves in Fig. 4 show that as
a increases, the rate of interdiffusion increases for any given
value of Cy,. When a = 10, the effective interdiffusion
coefficient decreases by ~4 orders of magnitude between
the fluid/solid interface and the bulk structure. Note that the
influence of & on the rate of diffusion decreases with increas-
ing depth into the structure, such that all of the curves con-
verge at Cy, = 1, which represents the interface between
the leached/H-enriched altered layer and the unaltered bulk
structure.

The diffusion profiles for H and Na can be determined by
substituting D, from Eqn. 9 into Eqn. 4, integrating twice and
applying the appropriate boundary conditions. The resulting
expression (adapted from Lanford et al., 1979)

(—~ax/Dy)

- I [Cy] + & ; b)

In [(1 + 6Cy)/(1 + b)] (10)

can be used to determine the relationship between Cy and
the depth x (and Cy,, since Cy, = 1 — Cy). The effect of
the parameter o on the diffusion profiles, for both H and
Na, is shown in Figs. 7 and 8, respectively. The diffusion
profiles are based on Dy = 107" cm” s ™' and Dy,/Dy = 10°.
When a = 0, the diffusion profiles represent simple interdif-
fusion, where the effective interdiffusion coefficient does not
depend on a structural factor (as illustrated in Figs. 5 and
6). Increasing the value of « significantly increases both the
depths of H penetration (Fig. 7) and Na leaching (Fig. 8).
For example, in Fig. 7, an increase in a from 0 to 3 changes
the depth of H penetration from ~15,000 A to ~35,000 A,
a more than twofold increase. By analogy, the same increase
in a produces an equivalent increase in the Na leaching
depth (see Fig. 8).
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Fig. 7. Steady-state H diffusion profiles based on H and Na interdiffusion, where the interdiffusion coefficient is
modified by a structural factor o (see Eqn. 9). This structural factor serves to account for changing transport
characteristics of the leached/H-enriched layers as a function of depth (see Fig. 4). Note the increasing extent of the
H penetration as a function of the value of «. The diffusion profiles are based on Dy = 107" ¢cm? s~ and Dy,/Dy

= 1000.

The most important point to note in Figs. 7 and 8 is that
with increasing a, the depths of H infiltration and Na loss can
be significantly increased, without changing the individual
diffusion coefficients for H and Na. This follows as a direct
consequence of the linear dependence of the depth x on «,
as can be seen in Eqn. 10. The use of an interdiffusion
coefficient with a structural factor in the diffusion equation
is reasonable if one assumes that diffusion coefficients have
a strong dependence on concentration and distance within
the leached/H-enriched zone, especially close to the surface.

2.6. Diffusion and Chemical Reaction

One of the simplifying assumptions made in applying the
preceding interdiffusion models is that the fluxes of H and
Na are equal and opposite within the leached/H-enriched
structure. However, the interdiffusion of H and Na species
is not the sole process associated with H penetration. As was
noted in Part III, the experimental data at acid pH show that
the amount of H incorporated in the structure far exceeds
the amount of Na lost (see Fig. 10, Part III). This imbalance
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Fig. 8. Steady-state Na diffusion profiles based on H and Na interdiffusion, where the interdiffusion coefficient is
modified by a structural factor e (see Eqn. 9). Note the increasing depth of Na depletion with increasing values of

«. For more details, see Fig. 7 caption.
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is due mainly to the uptake of H associated with framework
hydrolysis reactions during dissolution (see Part III for de-
tails).

Until now, the situation of simultaneous diffusion and
chemical reaction occurring within the leached/H-enriched
zone has not been addressed. In general, chemical reactions
will affect the diffusion of H species to a far greater degree
than Na due to the preponderance of reaction sites suscepti-
ble to interactions with H species. Adsorption and reaction
of H species in feldspars should primarily occur at bridging
oxygen (O,,) sites in ==Al-—0—Si= and =Si—0—
Si= linkages (Xiao and Lasaga, 1994; and references
therein), as well as at =Si—OH and =Al—OH groups
that are created by hydrolysis reactions (note that proton-
ation and deprotonation reactions of these metal-OH groups
is pH and temperature dependent; see discussion in Part IIT).

In general, the uptake of H species by chemical reaction
decreases the concentration of species free to diffuse, thereby
necessitating an additional term in the general diffusion
equation given by Eqn. 4. In the discussion below, we exam-
ine how the immobilization of H species by chemical reac-
tion affects the steady-state diffusion profiles of H and Na.
Two general types of chemical reactions will be analyzed:
reversible and irreversible reactions.

2.6.1. Reversible chemical reactions

Taking the case where the rate of reaction of a diffusing
species is reversible and very much greater than the rate
of diffusion, then one can assume the existence of a local
equilibrium between free and reacted species. This situation,
for example, occurs when H species are adsorbed at =Al
-—OH and =8i—OH sites within the leached/H-enriched
region. The simplest case can be described by a linear ad-
sorption isotherm (using the notation of Crank, 1990, and
applying it to H adsorption)

S =RC (11)

where § is the concentration of H immobilized by reaction,
R is the equilibrium constant for the reaction, and C is the
concentration of H free to diffuse.

The effect of the time-dependent uptake (reaction) of H at
adsorption sites necessitates the subtraction of the additional
term, 8S/8¢, from JC/3t in Eqn. 4. The general diffusion
equation becomes

ocC 2] ac oc N
—)l=—D—)+al—)-— 12
(az> 6x( 6x> “(ax) a1
Substituting Eqn. 11 into Eqn. 12, and writing the expression
with respect to H infiltration results in

OCy 1 0 OCy a OCy

-_— = —{(D— | + — | (1
(61‘) <1+R>8x< Ox 1+R\ Ox (13)
As can be immediately deduced from the above equation,
the effect of H adsorption and reaction is to reduce the
effective diffusion coefficient D by a factor of 1/(1 + R),
thereby reducing the rate of diffusion.

The time-dependent solution to Eqn. 13 can be solved
using the same methods as for diffusion without chemical

reaction. However, in our case, the time-independent solu-
tion is of interest. Under steady-state conditions, OCy/ 0t
= 0, and, therefore, the 1/(1 + R) terms drop out, resulting
in the following differential equation:

a OCx 0Cy
8x<D8x>+a(9x_0 (14
The analytical solution to the above equation has been given
earlier for various choices of D.

The interesting result is that the steady-state solution is
not affected by the reaction of H at adsorption sites, provided
that the reaction is instantaneous and that the linear adsorp-
tion isotherm given by Eqn. 11 holds. Thus, the steady-state
profile for H diffusion, with or without a constant diffusion
coefficient, will be the same for a given set of boundary
conditions, regardless of whether or not H is consumed by
an instantaneous chemical reaction, as given by Eqn. 11.

In a similar manner, the effect of a nonlinear adsorption
process can be investigated. A nonlinear isotherm can be
represented by

S = RC" (15)

The general diffusion equation, with Eqn. 15 substituted into
Eqn. 12, can be represented as follows:

0C _ 0 (p0CY, 0C o o 0C
= <D8x>+a6x Rn(C) o (16)

Time-dependent solutions of the above equation require nu-
merical methods of integration (see Crank, 1990; and refer-
ences therein). However, at steady-state, 9Cy/0t = 0, and,
therefore, Eqn. 16 reduces to Eqn. 14. As was the case with
linear adsorption, there is no effect of nonlinear H adsorption
on the steady-state H diffusion profile.

Thus, one can generalize from the two examples given:
adsorption of H will slow down the diffusion rate but will
not have any effect on steady-state diffusion profiles. The
two conditions necessary for this result to hold is that adsorp-
tion is a reversible process and that the rate is more rapid
than diffusion. These two conditions result in a localized
equilibrium between diffusing species and species immobi-
lized by reaction (Crank, 1990). The important point is that
under such conditions, the overall process of infiltration (H
species or any other species) is diffusion controlled, and
steady-state diffusion profiles are unaffected by chemical
reactions.

2.6.2. Irreversible chemical reactions

The two cases discussed above, where the rate of chemical
reaction is reversible and much faster than diffusion, is prob-
ably not applicable to H adsorption and reaction at bridging
O sites. This type of a process can represented by the follow-
ing irreversible chemical reaction (at acid pH): ==Si—
O—Al= + H;0" —» ==Al—O0Hj; + =Si—OH. This
overall, generalized reaction represents the fundamental pro-
cess associated with framework bond hydrolysis, Al prefer-
ential release, and the concomitant creation of Al leached
layers. In this case, there is no macroscopic chemical equilib-
rium between free H species and H species immobilized by
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reaction at bridging O sites, resulting in bond hydrolysis and
the formation of reaction products, such as =Al—OH and
==§i—QH. If the rate of uptake of H, given by (95/dt), is
represented by a first order rate equation, then the following
relation holds:

r=kC=0S/0t (17)

where r is the rate of reaction, k is the rate constant, and C
is the concentration of diffusing H species. Substitution of
Eqn. 17 into the diffusion equation given by Eqn. 12 results
in the following expression for irreversible H uptake at
steadystate:

o= (29) - (2)(025) o 25) -k i
ot Ox Ox Ox

The solution to Eqn. 18 is not trivial when the H diffusion

coefficient D is not a constant. On the other hand, when D

is considered to be constant, integration of Eqn. 18, with the

same boundary conditions applied previously to H diffusion,

results in the following steady-state solution (Maple® soft-
ware ):

(19)

Co 2D

C exp{(a +Va® + 4Dk)x}

Figure 9 shows the effect of H uptake by irreversible
chemical reaction on H diffusion profiles. As mentioned ear-
lier, the primary reaction mechanism for this is the irrevers-
ible hydrolysis of framework elements, mainly associated
with == Al—O-—Si== groups and the subsequent release of
Al (aqueous?) within the leached/H-enriched zone. Since
Na does not participate in reactions of this type, no Na
profiles are shown. The H profiles shown are based on the
rate of retreat a of the fluid/solid interface equal to 1 A
s~'. The profiles consist of a family of diffusion curves,

Dy =10-11 cm2 7!

corresponding to constant Dy values of 10" and 10~"* cm?
s ™', respectively. For a given value of Dy, several curves
are shown, corresponding to values of the rate constant k
ranging from O to 10 s~'. As k increases in value, the
values of C/C, decrease correspondingly for a given speci-
fied depth. Thus, the net effect of & (i.e., irreversible chemi-
cal reaction) is to act as a damping factor for the steady-
state diffusion process.

The results shown in Fig. 9 have several important impli-
cations with respect to the influence of & on the depth of H
penetration. First, with increasing &, the depth of H penetra-
tion is decreased. An example of this can be seen in the
curves representing Dy = 107" cm?® s™'. Note that for k
=107*s7', the depth of H penetration is ~15,000 A. For
values of k < 107* s, the depths of H penetration extend
to depths >30,000 A (note that in Fig. 9 the profiles are not
shown beyond x > 30,000 A). The second important point
is that the damping effect of k& depends on the value of Dy.
A comparison of the diffusion profiles at a depth of 15,000
A reveals that the difference in C/ Co between k = 0 and &
= 107* s~" is far more pronounced for Dy = 10™"' than is
the case for Dy = 107" cm® s ™', Therefore, the higher the
rate of H diffusion, the greater is the damping effect due to
chemical reaction within the altered zone.

The corresponding H diffusion curves that result from the
incorporation of a nonconstant diffusion coefficient (e.g., an
interdiffusion coefficient ) into Eqn. 18 have not been
calculated. However, the damping effect of the k term should
be analogous to that shown for the case of a constant Dy
in Fig. 9. One can make the generalization that diffusion
combined with irreversible chemical reactions can signifi-
cantly change steady-state diffusion profiles. This point is
amply demonstrated with the H profiles shown in Fig. 9.
This underlines the importance of including a kinetic term
in diffusion models when a diffusing species is subject to
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depth (A)

Fig. 9. Steady-state H diffusion profiles showing the effect of H uptake by an irreversible chemical reaction (see
Eqns. 17-19). Two families of curves are shown, the upper set corresponding to Dy = 107" and the lower set
corresponding to Dy = 1072 cm? s~ (in both cases, the diffusion coefficients are constant). Note the damping effect
on the diffusion profiles associated with increasing values of the kinetic rate constant k. The net effect of chemical
reaction is to decrease the depth of steady-state H penetration.
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irreversible chemical reaction. Failure to include a kinetic
term in a diffusion model may result in estimates of diffusion
coefficients that are too low. This principle can be easily
seen in Fig. 9. As an example, the curve in Fig. 9 represented
by Dy = 107" cm® s™' and k = O can alternatively be
characterized by Dy = 10 " cm?*s ' and k > 5 X 107*s7!.
This example serves to illustrate that a correct estimate of a
diffusion rate is dependent upon knowledge of the rate of
irreversible uptake of a diffusing species, as for example, H
uptake by framework hydrolysis reactions in feldspar altered
layers.

3. DISCUSSION AND SUMMARY

Perhaps the most prominent and re-occurring point that
can be drawn from the present study is that the steady-
state diffusion of Na and H in leached/H-enriched layers in
feldspars is relatively complex. This can be attributed to Na
and H diffusion being coupled by ion exchange reactions,
the presence of a moving boundary, the possibly nonconstant
transport properties of the altered layers, and the effect of
chemical reactions on H diffusion. Below some of the main
conclusions regarding these factors are discussed.

One of the first requirements concerning the modeling of
diffusion processes in leached/H-enriched layers is knowl-
edge of whether the fluxes of elements diffusing both in and
out of the near-surface altered structure have reached steady
state. Low temperature dissolution experiments (i.e., at room
temperature) often require several thousands of hours to
reach steady-state conditions of dissolution, and by implica-
tion, steady-state diffusion of species within the leached/
H-enriched layers. If steady-state conditions have not been
attained, the diffusion model given by Eqn. 1 must be solved
in its full form as a function of time, since 8C/6t + 0.
Nonsteady-state models have a particular utility in describing
diffusion processes during the initial stages of dissolution,
when the rates of diffusion > rate of dissolution (i.e., diffu-
sion rate > rate of retreat of the fluid/solid interface).

Dissolution experiments run at elevated temperatures
(=100°C) generally reach steady state in relatively short
periods of time (see examples given in Part II). If steady
state is achieved, then the simplifying assumption 8C/0t
= 0 can be applied to Eqn. 1. However, since leached/H-
enriched layers do not attain an infinite thickness (as in Fig.
1, for example), Eqn. 1 must be modified to take into account
that at steady state, the rate of advance of the leached/H-
enriched zone into the bulk structure is counterbalanced by
the rate of retreat of the fluid/solid interface. This condition
is met by a diffusion model that includes a moving boundary
term, as in Eqn. 4. In general terms, the inclusion of a sepa-
rate moving boundary term in any steady-state diffusion
model is important, since this ensures a mathematical cou-
pling between two opposing processes, diffusion and disso-
lution.

Feldspars are a class of minerals where dissolution under
most pH conditions leads to the preferential release of inter-
stitial alkali and alkaline earth cations. At acid pH, the loss
of interstitial cations is compensated for by the incorporation
of H* (or H,0™) into the structure, thereby resulting in the
formation of leached/H-enriched layers. The key question

then becomes whether or not the inward and outward diffu-
sion of species is coupled. If feldspar leached/H-enriched
layers are modeled using constant, independent diffusion
coefficients for H and Na, the resultant diffusion profiles
display exponential behavior (see Figs. 2, 3). However, ex-
ponential curves do not allow for the presence of significant
shoulders or plateaus representing extensive regions of either
constant H enrichment or Na depletion (see Figs. 3, 4a;
Part III).

Measured H and Na (or other alkali and alkaline earth
cations) profiles in altered feldspars (see references cited
earlier) generally display sigmoidal behavior, characterized
by extensive plateau regions and steep diffusion fronts at
depths close to the unaltered structure. This type of sigmoidal
behavior is typically associated with an interdiffusion pro-
cess. The ion exchange reaction between H* (or H;O%)
from the solution and Na™* in the structure resuits in a cou-
pled diffusion process. If it is assumed that the inward and
the outward diffusive fluxes are equal, then one single inter-
diffusion coefficient can be used for both species (e.g., Eqn.
7b). A diffusion model using an interdiffusion coefficient
with a nonlinear concentration dependence, as in Eqn. 7b,
results in sigmoidal diffusion profiles (see Figs. 5, 6). Sig-
moidal profiles, in comparison to exponential profiles, are
in much better accord with measured profiles for altered
feldspars, as well as for many other altered silicates and
glasses.

Even though some low temperature dissolution studies in
the literature have diffusion profiles resembling exponential
curves (due to a lack of significant shoulders or plateaus),
these profiles generally have inflection points. This is evi-
dence of sigmoidal behavior and nonconstant diffusion rates.
The general conclusion that can be drawn from these obser-
vations is that whenever leached/H-enriched layers are
formed in minerals by a process where the outward and
inward fluxes of species are coupled, such as by an ion
exchange process, then an interdiffusion coefficient should
be used to model the diffusion of these species. The behavior
of the resultant diffusion profiles will depend on the type of
concentration dependence of the interdiffusion coefficient.

The H and Na profiles based on the simple interdiffusion
model presented in this study are based on ratios of Dy,/Dy
ranging from 1072 to 10°. It is important to note that Dy,/
Dy ratios =1 yield exponential profiles, whereas sigmoidal
profiles result when Dy,/Dy > 1. Even though the Dy,/
Dy ratios were not measured in the present study, studies
pertaining to glass alteration indicate that Dy,/Dy > 1 (see
previously cited references ). Given that the majority of feld-
spar alteration profiles in the literature are sigmoidal and
that the synthetic alteration profiles presented in this study
are sigmoidal when Dy,/Dy > 1, then it is reasonable to
assume that outward alkali (alkaline earth) cation diffusion
is faster than inward H diffusion. According to the modeling
results, the most important criterion in determining depths of
leaching/H-enrichment is the rate of diffusion of the slowest
species, which is H. Changing the rate of diffusion of H by
an order of magnitude changes the corresponding leaching/
H enrichment depths by an order of magnitude, as well. For
any given value of Dy, the overall depths of leaching/H
enrichment also increase as a function of Dy,/Dy (see Figs.
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5, 6}, but the effect is not nearly as pronounced as changing
solely the value of Dy.

Based on a qualitative comparison of the experimental
data in Part III (see incomplete Na and H profiles in Figs.
3 and 4a, as well as RBS and ERDA data) with the synthetic
H and Na profiles shown in Figs. 5 and 6a, an estimated
lower limit for Dy can be determined, such that Dy = 10"
cm?® s”'. This estimate of Dy is based on depths of Na
depletion and H enrichment that are on the order of 10,000-
20,000 A. In order for the alteration profiles to be sigmoidal,
the ratio Dy,/ Dy must be >1. If we add the additional con-
straint that the plateau depths of H enrichment and Na deple-
tion extend to 10,000 A (defined by the initial parts of pro-
files before the diffusion front, where Cy =~ 1 and Cy, = 0).
this in turn necessitates ratios of Dy,/Dy = 10*. The same
constraint can be satisfied for Dy,/Dy < 104 if a structural
factor is included in the interdiffusion model (see discussion
below). At present, the assignment of more precise values
for both Dy and the ratio Dy,/Dy is not defensible. This is
mainly due to the incompleteness of the experimental curves
presented in Part III, and the fact that any given synthetic
diffusion profile requires two unknown fitting parameters,
Dy and the ratio Dy,/Dy.

Despite the uncertainty in the diffusion rates of Na, these
results are interesting in that they are in accord with extrapo-
lated diffusion rates at 300°C of Na in albite glass (see Na
diffusion curve for albite glass, reported in Fig. 11 of Part
II; data from Jambon and Carron, 1976). This is potential
evidence that the transport properties of the leached/H-en-
riched zone resemble those of an amorphous structure (i.e.,
albite glass).

One of the major unresolved questions is whether the
transport properties of the leached/H-enriched layers are
constant as a function of depth. This has an important bearing
on diffusion rates for species diffusing through the leached/
H-enriched zone. If it is assumed that the altered layers have
a more open structure close to the fluid/solid interface, then
it is reasonable to develop interdiffusion models with non-
constant diffusion coefficients. One approach to this is the
use of a structural factor associated with an interdiffusion
coefficient, as given by Eqn. 9. The use of such a structural
factor imparts a significant degree of concentration depen-
dence on the interdiffusion coefficient. As shown in Fig. 4,
increasing the value of the structural factor increases the
nonlinear behavior of the effective interdiffusion coefficient.
Figures 7 and 8 reveal how, for a given set of values of Dy
and Dy,/ Dy, increasing the value of the structural factor («)
significantly increases the depth extents of the H enrichment
and Na depletion. Thus, when comparing experimental re-
sults with a structural interdiffusion model, estimates for Dy
and/or the ratio Dy,/Dy will be lower when ¢ > 0, as
compared to the corresponding diffusion rates for @ = 0
(see diffusion rate estimates in previous discussion). None-
theless, there is no precise experimental justification for as-
signing a precise value to a, such that at present it can only
be used as a fitting parameter. At this point, it is not possible
to resolve this problem.

An additional complication involving diffusional transport
concerns the effects of condensation reactions. Condensation
reactions involve the repolymerization of adjacent

=Si—OH groups as follows: =Si—OH + HO—Si= —
=8i—0—Si= + H,0. As was shown in Part III, there is
indirect evidence for repolymerization within the leached/
H-enriched region close to surface, at depths <700 A for
acid dissolution conditions. Repolymerization of the
leached/H-enriched structure would serve to decrease rates
of diffusion close to the surface. Thus, a more complete
understanding and more accurate modeling of diffusional
transport is dependent on knowledge of the effects due to
potential repolymerization of the near-surface altered struc-
ture. Techniques, such as HRTEM, may be useful for de-
termining structural changes within leached/H-enriched
zones. Such information would be necessary for modeling
changes in diffusional transport properties with depth.

From results in the present study, the lower limit for H
diffusion can be constrained to Dy = 107" c¢m® s™' for
dissolution conditions of 300°C and pH ~ 3.3-3.4 (note
that the estimate for Dy may be lower if a structural factor
is used). Based on the premise that Dy,/ Dy > 1, Na diffusion
coefficients should be significantly greater than 10™"* cm?
s"'. Estimates for Dy, in the present study are considerably
more rapid than the Na diffusion rates reported in Part II,
which are based on aqueous data at 300°C. In addition, ex-
trapolation to 25°C, using the Arrhenius equation (based on
E, = 56 kl/mol for Na diffusion in albite glass, from Jambon
and Carron, 1976) results in Dy, > 107 cm? s7'; this is
considerably faster than values reported in the literature at
25°C at similar acid pH conditions (see tabulated values in
Chou and Wollast, 1984 ). One important point is that these
comparisons suggest that aqueous data are of limited value
for determining accurate diffusion coefficients in leached/
H-enriched layers. Nonetheless, qualitative diffusion trends
based on aqueous data may still be useful.

Chemical reactions may, or may not, have an effect on
steady-state diffusion profiles. If the chemical reaction is
reversible and faster than the rate of diffusion, then there is
no net effect of the reaction on the steady-state diffusion
profile of the reacting species. There will, however, be an
effect on the evolution of the nonsteady-state diffusion pro-
files as a function of time. On the other hand, the effect of
irreversible chemical reactions, such as associated with the
uptake of H species during the hydrolysis of ==Al
——O—Si= bonds, results in a damping effect on the associ-
ated steady-state H diffusion profiles (see Fig. 9). The im-
portance of this result is that it shows that estimates of exper-
imentally-determined diffusion rates may be too low if the
effects of irreversible chemical reactions are not taken into
account. It is difficult to estimate this effect in the present
study, since the rates of hydrolysis within the altered zone
at the experimental conditions given in Part III are not
known. It is probable, however, that diffusion profiles will
be more affected by irreversible chemical reactions during
the initial, nonsteady-state period of dissolution, during
which altered layers evolve the most rapidly.

A point related to the discussion above concerns itself
with whether irreversible chemical reactions occurring
within leached/H-enriched layers are responsible for the re-
ported pH-dependence of diffusion rates, as has been sug-
gested by Sjoberg et al. (1995). According to their results,
H diffusion coefficients are pH invariant in the acid to neutral
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pH range when diffusion rates are corrected for H uptake
by chemical reaction. On the other hand, the pH dependency
of diffusion rates may be real, as is postulated in this study.
One reason for this is based on the assumption that transport
rates of species are a function of the structural openness of
the leached/H-enriched layers, which may be related to the
pH conditions of dissolution. This argument is based on a
more open structure being created at acid vs. neutral pH
conditions, due to the greater degree of Na and Al preferen-
tial leaching, as well as a greater degree of H permeation
(see discussion in Part III). Another possible factor that
should be considered is related to whether the rates of diffu-
sion are affected by the inherent charge of the leached layers.
As discussed in detail in Part ITI, protonation and deprotona-
tion reactions of =8i—OH and =Al—OH groups as a
function of pH will determine the net charge of these groups,
and this may have an influence on the rates of inward and
outward diffusion of species within the altered zone. At pres-
ent, these alternative explanations cannot be fully resolved
until more is known about the detailed structure and chemis-
try of leached/H-enriched layers.

As mentioned previously, the incomplete nature of the
experimentally-measured H and Na profiles in Part I is the
main reason why no attempt was made to directly compare
these profiles and fit them with theoretical curves. Nonethe-
less, it is important to compare real data with theory. Figure
10 shows such a comparison, between the acid pH Na RNRA
profile (Fig. 4a, Part I ) and several theoretical Na diffusion
profiles based on a simple interdiffusion model (Dy = 107"
cm? s~ and Dy/Dy, = 10, 10%, and 10%). Note that an
analogous comparison with a measured H profile is not
shown, simply due to the fact that the acid pH H profile only
consists of a flat concentration plateau (see Fig. 3, Part ITI).
As is quite evident in examining Fig. 10, there is a consider-
able mismatch between the measured profile and the theoreti-
cal curves shown. This mismatch is examined from two
points of view.

The first point concerns itself with the RNRA measure-
ments; their limitations are discussed in detail in Part IIL
Briefly, based on only one profile, there is no conclusive

theoretical

[Na} C/Cq

0 1000 2000 3000 4000 5000
depth (A)

Fig. 10. Comparison of Na profile (acid pH) measured by RNRA
(see Fig. 4a, Part III) with theoretical Na diffusion profiles. The
theoretical profiles are based on the interdiffusion model given by
Eqn. 8, with Dy = 107 cm? s ™! and Dy,/Dy = 10, 10?, and 10°
(curves d, e, and f, respectively; these correspond to the same in
Fig. 6a). See text for a discussion of the possible reasons for the
different behavior of the measured diffusion profile.

proof that the sigmoidal behavior evidenced at shallow
depths ( <1000 A)is real. It may be an artifact of the mea-
surement or the sample. It should be recalled that the accurate
determination of concentrations by RNRA depends on the
stopping power of the material, and at shallow depths close
to the surface, this may be poorly constrained, thereby lead-
ing to inaccuracies (Petit et al., 1990). This question can
only be resolved with multiple measurements, and perhaps
most importantly, with measurements utilizing another tech-
nique (such as SIMS). In addition to this, there is the general
problem associated with the incompleteness of the Na and
H profiles. Multiple measurements of profiles that encom-
pass the complete extent of alteration are needed (depths
> than 10,000 A). Only when these conditions are fulfilled
can one correctly compare and model deep H and Na alter-
ation zones.

On the other hand, the experimental trend shown in Fig.
10 may also be real. The Na RNRA curves at acid and
neutral pH (Fig. 4a, Part III) display weakly sigmoidal be-
havior before attaining concentration plateaus that are still
well below that of the bulk material. This points to diffusion
behavior that is potentially more complex than the modeled
profiles presented here. The question then arises as to how
the diffusion profiles evolve beyond these initial plateaus.
One can speculate that it is possible that the Na concentration
profiles (and possibly H, as well) may possess more than
one plateau region, separated by sigmoidal changes in con-
centration. It is interesting to note that diffusion curves with
this type of behavior have been noted in obsidian dissolution
studies, where two H concentration plateaus were recorded
(see Lee et al., 1974; Ericson et al., 1974). As noted by
Ericson et al. (1974), multiple plateaus may signify the
existence of more than one diffusion and binding mechanism
for H species (i.e., water) during the dissolution process.

The idea of multiple diffusion mechanisms can be trans-
lated into multiple diffusion rates, such as would arise in
leached/H-enriched layers composed of multiple layers,
each with a distinct structure and corresponding transport
property. Diffusion modeling of sandwich type composite
materials yields profiles with multiple sigmoidal diffusion
fronts (see extensive treatment of this in Crank, 1990). How-
ever, diffusion through a composite altered structure should
not be considered to be the sole explanation for these types
of a phenomena; other models may be just as valid. In any
case, a better understanding of these problems points out the
need for further research into the structure and transport
properties of leached and H-enriched layers.

The theoretical diffusion profiles show that the altered
layers leached in Na and enriched in H extend to depths of
many thousands of A. These chemically distinct altered lay-
ers are also deficient in Al, according to solution results
(e.g., see Part II), as well as direct measurements (e.g.,
Hellmann et al., 1990). This implies that these altered layers
have a radically different chemical composition as compared
to unaltered albite. The results from Part III do not allow
for a complete quantification of the stoichiometry of the
altered layers created at acid pH conditions. However, a
SIMS study of labradorite dissolution at acid pH conditions
(Schweda and Sjoberg, 1997) yielded the following stoichi-
ometry for altered layers created at pH 3.0: Hy365105:0:.
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This stoichiometry results from the complete loss of Al and
Ca from the altered zone. It is not unreasonable to suggest,
by analogy, that the altered zone in albite (formed at pH
3.3) has a similar stoichiometry.

The question that can now be addressed is whether the
presence of a thick altered zone with a stoichiometry similar
to that given above can influence the overall rate of dissolu-
tion. The first point that must be considered is that the loss
of Na and Al within the altered zone must change the crystal-
lographic structure with respect to the bulk. It can be argued,
despite the lack of experimental evidence, that the altered
zone may have a more open structure, one that is permeable
not only to H™, but also perhaps to HyO and H;O " species.
This potential openness is important in that it may increase
the available number of hydrolysis sites on surface
==Si—OH groups that can be attacked, not from the front
at the fluid/solid interface, but at bridging oxygen sites only
accessible from within the altered zone. The net effect of
this would be to increase the rate of detachment reactions
of surface Si into solution. One can speculate even further
by suggesting that detachment reactions are possible from
perhaps much further into the altered layer, which implies
that it may be possible to liberate not just individual Si(OH),
groups, but perhaps also larger entities, of the form
n-Si(OH),. This may be possible, if the altered layer struc-
tare is significantly weaker than the structure of albite,
thereby making it susceptible to large-scale destruction via
hydrolysis reactions. Evidence for the fragility of these al-
tered layers is discussed by Schweda and Sjoberg (1997).

As one can note in the above discussion, the direct influ-
ence of leaching and H enrichment on the kinetics of dissolu-
tion is still speculative. Nonetheless, it also points out that
much experimental, as well as theoretical work should be
applied in this direction.
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