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Abstract—Samples of albite feldspar were dissolved at 300°C and 170 bars for periods up to 24 h in
flow-through reactors at acid, neutral, and basic pH conditions. Three MeV ion beam techniques, Resonant
Nuclear Reaction Analysis (RNRA,), Rutherford Backscattering Spectrometry ( RBS), and Elastic Recoil
Detection Analysis (ERDA) were employed to obtain elemental depth profiles and informatien on the
composition of the near-surface region after dissolution. Based on the anti-correlative trends of the H
and Na profiles obtained by RNRA, Na loss and H permeation are coupled by an ion exchange process
in acidic and neutral pH solutions., At basic pH conditions, the evidence is ambiguous as to whether
there is a limited degree of ion exchange between aqueous cations and Na, as based on RBS specira
and Na RNRA profiles.

‘The recorded depths of H permeation and Na leaching range from a maximum at acid pH (H permeation
exceeding ~10,000 A, Na leaching ~20,000 A) to a minimum at basic pH (no H enrichment, Na
leaching depths of several hundred i). The composition of the leached/H-enriched region is a function
of pH. This is postulated to be primarily a function of two factors: the H ion concentration gradient
between the solution and the solid, which directly controls the pH-dependence of the jon exchange
couple H* (or H;0*) < Na*, and secondly, the speciation of =Al—OH and =Si—OH groups
created by hydrolysis reactions and the subsequent preferential release of Al within the leached/H-
enriched zone. Based on the ratios of H uptake to Na loss at acid and neutral pH, which range between
0.7 and 2.5, it is not possible to distinguish between H*, H,0, and H,O* species permeating into
the structure. Free water may be created within the leached/H-enriched structure via tecondensation
(repolymerization) reactions of adjacent ==Si—OH groups. Excess H concentration profiles potentially
provide indirect evidence for recondensation reactions at depths <700 A during dissolution at acid pH
conditions. Mass balance calculations, based on H permeation, Na loss, and Al preferential leaching,
indicate that virtually no free H species (e.g., H,Q molecules } are retained in the structure after dissolution
at acid pH. This result also holds true for neutral and basic pH conditions of dissolution. Copyright ©

1997 Elsevier Science Ltd

1. INTRODUCTION

1t is widely acknowledged that reactions at the fluid/solid
interface play a key role in the dissolution behavior of miner-
als. Adsorption, ion exchange, diffusion, chelation, oxida-
tion-reduction, bond hydrolysis, and bond repolymerization
(condensation) represent some of the most important
atomic-scale processes which may occur on a mineral sur-
face during dissolution in an aqueous solution. These same
processes are not necessarily restricted to the surface, how-
ever, since they also may occur within the near surface of
the mineral structure, to depths ranging up to severat thou-
sands of A. One of the direct consequences of this is the
formation of an altered region between the fluid/solid inter-
face and the unaltered bulk structure. The formation of these
altered regions in many types of mineral structures and
glasses is often characterized by preferential leaching and
H-enrichment,

This region of near-surface alteration is of great interest
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to geochemists since there is increasing evidence that reac-
tions that lead to the formation of leached and H-enriched
layers are linked to the overall rate of dissolution. The H-
enrichment of the near-surface region is of particular impor-
tance with respect to hydrolysis reactions since H species
are considered to be the main entities involved with the
breaking of framework bonds (i.e., =8i—0O—S8i== and
=Al-—0—Si== bonds in feldspars; for a theoretical treat-
ment, see for example, Xiao and Lasaga, 1994, 1996). Thus,
an understanding of the chemical and physical characteristics
of the near-surface region is important for better elucidating
the overall rate of dissolution, which is governed by surface
detachment reactions that lead to the retreat of the. fluid/
solid interface,

Aside from providing important information on how fluids
interact with minerals, the creation of leached/H-enriched
zones during the dissolution of minerals and glasses assumes
importance with respect to the geochemical mass balance of
certain elements. For example, in hydrothermal submarine
environments, certain heavier elements (e.g., Fe, U) and
trace elements are preferentially retained within alteration
layers formed on crystalline minerals and basaltic glasses
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(Petit et al., 1989b, 1990a,b; and references therein). This
has importance with respect to the geochemical cycling of
these elements in mid-ocean ridge environments, for exam-
ple. Just as these leached and H-enriched regions are im-
portant in a natural context, they have become increasingly
important with respect to environmental issues, particularly
in regard to radioactive waste containment. The formation
of alteration layers on rad-waste encapsulating glasses is
recognized to be a potentially important means for trapping
highly mobile radionuclides (e.g., actinides), thereby reduc-
ing their tendency to escape into surrounding groundwaters
(Petit et al., 1990a; and references therein).

Leached layers, created by the preferential release of cer--

tain elements from the bulk mineral, have a chemical compe-
sition and structure distinct from the unaltered bulk material.
The formation of leached layers is intimately associated with
the pervasive influx of H species (H,0, H*, H;0*, OH"),
as well as the influx of other aqueous species from the solu-
tion into the structure. The permeation of H species into
feldspars is associated with various types of reactions which
consume H, such as ion exchange and framework bond hy-
drolysis. Since the creation of leached layers and H-enriched
layers are interrelated and refer basically to the same altered
mineral structure, they are referred to together in the present
study.

Indirect evidence for the presence of leached and H-en-
riched layers in feldspars is based on the nonstoichiometric
release of aqueous dissolution products (Chou and Wollast,
1984; Hellmann et al., 1990a; Stillings and Brantley, 1995;
Hellmann, 1995; and references therein), as well as H charge
balance calculations from dissolution and titration data
(Casey et al., 1989b; Hellmann et al., 1990a ). More recently,
ion beam (RNRA, RBS, ERDA, SIMS) and electron spec-
troscopic techmiques {XPS, Auger) have permitted the direct
measurement of surface compositions and elemental depth
profiles on glasses and minerals that have been reacted under
a variety of conditions (Lee et al,, 1974; Lanford et al.,
1979; Berner and Holdren, 1979; Della Mea et al.,, 1983;
Petit et al, 1987, 1989a,b,c, 1990a,b; Dran et al,, 1988;
Casey et al., 1988, 1989a; Hocheila et al., 1988; Muir et al.,
1989, 1990; Hellmann et al., 1990a,b; Shotyk and Nesbitt,
1992, Sjoberg et al., 1995, Schweda and Sjoberg, 1997).
These studies show that the depletion of certain elements
and the infiltration of H species can extend to depths of
several thousands of A,

The present study is the third in a series devoted to dissolu-
tion reactions in the albite-water system at elevated tempera-
tures and pressures, The data from this study complement
solution data obtained from two previous studies, the first
pertaining to 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; referred to as Part II). The solution data from Part I
and the compositional profiles from this study previde an
opportunity to directly compare fundamentally different
types of measurements regarding depths of preferential
leaching for samples dissolved under similar conditions. As
discussed further on, the solution data are for the most part
in accord with the profiles. However, there are clear quantita-
tive differences in the two datasets.

One of the main purposes of the present study is a better

understanding of the formation of leached and H-enriched
layers formed during the dissolution of albite under acid,
neutral, and basic pH conditions at hydrothermal tempera-
tures. Compositional profiles and depths of these altered lay-
ers were obtained by the application of three nondestructive
ion beam techniques, Resonant Nuclear Reaction Analysis
(RNRA), Elastic Recoil Detection Analysis (ERDA), and
Rutherford Backscattering Spectrometry (RBS). RNRA and
ERDA are especially powerful tools for obtaining H profiles;
in addition, RNRA is widely used for profiling Na. The
RNRA and ERDA profiles yielded information on the influx
and retention of H species, as well as the loss of Na (from
RNRA only), to depths of analysis ranging to an approxi-
mate maximum of 10,000 A. The RBS results served primar-
ily to qualitatively gauge the preferential depletion of ele-
ments from the structure and the influx of aqueous species
into the leached and H-enriched zone. However, precise
depths of leaching and penetration could not be derived from
the RBS spectra.

The direct measurement of H and Na profiles in samples
reacted under various pH conditions permits a better under-
standing of how pH affects the loss of Na and the penetra-
tion/retention of H within the leached/H-enriched structure.
The degree of H incorporation and Na loss into the structure
is examined within the framework of ion exchange’ reac-
tions, as well as the chemical speciation of =8i—OH and
==Al—OH groups in the leached /H-enriched structure. Hy-
drogen and sodium measurements potentially provide the
means for obtaining information on the molecular form of
H species that permeate the structure. However, as will be
shown further on, this approach is only valid if ion exchange
is the only process occurring within the leached/H-enriched
layers. Nonetheless, simple mass balance calculations to de-
termine H consumption can be used to estimate how much
H is retained as free water within the structure.

A companion article (in this issue) to the present study is
based on diffusion modeling of leached/H-enriched regions
(Hellmann, 1997; Part IV). The diffusion models permit a
better understanding of the processes associated with leach-
ing and H enrichment in feldspars, other similar minerals,
and glasses. In addition to this, these models allow qualita-
tive comparisons to be made with the information provided
by the RNRA, RBS, and ERDA profiles and depths in Part
11T (this study ), thereby giving a better idea of which models
and which model parameters are best adapted to describing
the outward diffusion of Na and the inward diffusion of H
species during dissolution at steady-state conditions.

2. EXPERIMENTAL METHODS AND CALCULATIONS
2.1. Sample Preparation and Dissolution Experiments

The results presented in this study are derived from two sets of
samples. A first set was prepared, reacted, and analyzed by RNRA
and RBS in 1990, and a second set was prepared, reacted, and
analyzed by RBS and ERDA in 1996. Both sets of samples came
from the same parent sample, which is a very pure albite (chemical
composition in Table 1, Part I) from Amelia Court House, VA,
U.S.A. All samples were approximately 5—10 mm on a side. Samples
in the first set were simply cleaved from the parent sample and
extremely flat (010) surfaces were selected for the experiments. On
the other hand, the second set of samples were cut from the parent
sample with a diamond wire saw and natural (010) cleavage surfaces
were subsequently mechanically polished with SiC paper (final pol-
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ish with 800 grit). Cutting and polishing of samples was done in
the presence of water. All samples were ultrasonically cleaned in
either alcohol or acetone before reaction. The samples were reacted
at 300°C and 170 bars for up to 24 h. The effects of shallow hydration
during sample preparation could be neglected due to the rapid retreat
(up to 1 A s7") of the fluid/solid interface during dissolution at
300°C, thereby effectively removing any pre-H-enriched layer.

The first set of samples was reacted in a tubular flow-through
reactor (description in Part I- Fig. 1), whereas the second set was
reacted in a continuously stirred tank reactor (CSTR). The CSTR
system used in this study, illustrated in Fig. 1, is composed of the
following major components: a liquid reservoir, an HPLC pump, an
autoclave surrounded by a furnace, a reactor control unit, and a back
pressure regulator, which is used to set the pressure of the entire
system. The fluid in the reservoir is pumped into the reactor, where
it reacts with suspended mineral samples, and is then sampled at
the outlet end of the back pressure regulator. The reactor fluid is
continuously stirred with a magnetically driven impeller, thus ensur-
ing that there are no chemical gradients within the reactor. Virtually
all components in contact with fluids at elevated temperatures (auto-
clave, impeller, tubing, fittings) are made of high grade Ti to ensure
maximum corrosion protection.

Flow systems, and CSTR systems in particular, are ideally suited
for mineral dissolution studies. Their advantages over traditionally-
used static autoclaves are numerous: (1) Flow systems allow for the
direct measurement of the kinetics of dissolution based on the output
chemistry of the solutions (see Appendix in Part I for a detailed
discussion). This is perhaps their main advantage. (2) The affinity
of the dissolution reaction remains constant over time during steady-
state conditions of operation. (3) On the other hand, the chemical
affinity can easily be increased or decreased by simply changing the
residence time of the fluid in the reactor (which is dependent on the
flow rate). (4) The input fluid can easily be changed (chemistry,
pH, etc.) during the course of an experiment.

The measured kinetics of dissolution were the same for both types
of reactors used in this study. The in-situ pH’s of dissolution were
3.4,5.7, or ~8.6-8.9 (pH values at 25°C were 3.4, 5.7, and 10.9—
11.3, respectively ). The pH’s of fluids at the inlet and outlet of the
reactor were constant, to within +0.2 pH units. The acidic and
basic solutions were pH-adjusted with HCl and KOH or Ba(OH),,
respectively. In addition, no background electrolytes were used, ex-
cept in one case (sample E17).
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Fig. 1. Hydrothermal flow system incorporating a continuously
stirred rank reactor (CSTR). The individual components are as
follows: (1) fluid reservoir, (2) high precision HPLC pump
(Knauer ® series 64), (3) well for J-type thermocouple, (4) inlet
tubing (Ti), (5) reactor head, (6) Y%’ Ti tubing, (7) 5 um Ti
filters, (8) magnetic stirrer housing, (9) burst disk assembly, (10)
Ti Swagelok® fittings, (11) split ring, (12) impeller, (13) furnace,
(14) Ti autoclave, 300 mL volume (Parr ® 4560 series ), (15) back
pressure regulator (Grove Mity Mite® S91XW), and (16) high
pressure gas source.

The attainment of 300°C without any temperature overshoot gen-
erally took 1.7-2 h. At the end of a given experiment, samples were
recovered relatively rapidly. This was possible by gradually opening
the back pressure regulator to atmospheric pressure and letting some
of the solution escape as steam. On average, ten minutes passed
between experimental conditions at P and 7 and the attainment of
~90°C conditions, which permitted the recovery of the samples.
After removal from the reactor, the samples were rinsed in water
and then stored in air for several weeks before the various ion beam
analyses were done.

The 24 h reaction time of the samples is representative of steady-
state dissolution conditions. This is based on the attainment of
steady-state concentrations and the stoichiometry of Na, Al, and Si
in the outlet solutions (see extensive dataset in Part II, which shows
that steady-state conditions were generally achieved in less than 5 h
at 300°C). The dissolution reactions were run at conditions far from
equilibrium. The chemical affinities were calculated using the geo-
chemical code EQ3 (Wolery, 1992), based on the solution chemistry
at the end of the experiments. The first set of samples had chemical
affinities ranging from 69 to 123 kJ mol '; for the second set of
samples, the affinities ranged from 98 to 140 kJ mol ', The chemical
affinities, as well as rates, concentrations, etc. for the samples from
the first set (RD, RC, and RE) can be found in Table 3, Part 1. The
interested reader desiring more information with respect to these
samples, experimental conditions, methods, and calculated rates, af-
finities, etc. used in this study should refer to Parts I and II.

2.2. Ton Beam Techniques

Three MeV ion beam techniques were utilized, Resonant Nuclear
Reaction Analysis (RNRA ), Rutherford Backscattering Spectrome-
try (RBS), and Elastic Recoil Detection Analysis (ERDA). Only a
brief description of these techniques will be given here.

2.2.1. Resonant nuclear reaction analysis

The RNRA analyses were performed with the Legnaro accelera-
tors (INFN, Padova, Italy). For all samples, only (010) surfaces
were analyzed (note: (010) and (001) are the dominant cleavage
planes in albite; Deer et al., 1978). The RNRA technique is based
on a nuclear reaction between a monoenergetic ion beam and an
isotope of a given element. As the ion beam penetrates the solid, its
energy is attenuated as a function of depth, due mainly to electronic
collisions. The rate of energy loss, dE/dx, is a function of the stop-
ping power of the material. Eventually, a depth is reached corre-
sponding to the resonance energy, where an element-specific nuclear
reaction takes place at a certain narrow energy band. The alpha
particles and gamma rays produced by the nuclear reaction are di-
rectly proportional to the concentration of a specific isotope at that
given depth. Stepwise increases in the energy of the incident beam
increase the depth at which this nuclear reaction takes place, thereby
providing a depth profile for the isotope of interest. The RNRA
technique is especially well-suited for profiling light elements
(atomic numbers 1- ~20), such as H and Na. Maximum depths of
analysis of approximately 10,000 A can be attained with this tech-
nique. More details on RNRA, as applied to similar geochemical
problems, can be found in Petit et al. (1990a,b), and references
therein; more specific details with respect to RNRA can be found
in Amsel and Lanford (1984) and Cherniak and Lanford (1992).

The concentration of H was measured as a function of the emission
of +y rays according to the following resonant nuclear reaction: 'H
+ N = 2C + *He + y. This reaction has a 6.385 MeV resonance
energy and a width of 1.8 keV (Petit etal,, 1990b). In silicates, the
depth resolution is approximately 30 A at the surface and 100 A at
1000 A depth (Della Mea et al., 1983). The experimental beam
conditions for H profiling were as follows: energy resolution of
5N?* beam ~ 4 keV, 3 mm® beam size and 1.5 pA cm~? intensity,
energy step size ~ 15 keV corresponding to ~ 80 A depth. Calibra-
tion was effected by analyzing H-implanted Si samples as well as
natural hornblende samples.

Depth profiles of Na were obtained by measuring emitted o parti-
cles, based on the following nuclear reaction: *Na + 'H* — **Ne
+ “He. This reaction has a 592 keV resonance, .a width of 0.6 keV
(Petit et al., 1990b), and a resolution of 100 A at the surface for
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common silicates (Della Mea et al., 1983). The experimental beam
conditions for Na profiling were as follows: ~1 mm” beam size and
1 pA em™? intensity, energy step size ~ | keV corresponding to
~150 A depth. Calibration consisted of analyzing a NaCl crystal.
For both types of analyses, samples were carbon coated to avoid
charging effects.

Due to the time consuming and costly nature of the RNRA tech-
nique, replicate samples were not analyzed for each pH condition.
However, we were able to directly compare these RNRA results
with those obtained for albite glass samples (prepared from the
same parent samples ) that were reacted under the same experimental
conditions (R. Hellmann, unpubl. results ). The H concentration pro-
files at acid and basic pH are similar (within 10-15%) to the results
for crystalline albite. The amorphous albite reacted at neutral pH
shows a significantly higher degree of H enrichment, however. The
Na concentration profiles for amorphous and crystalline albite are
similar for all pH conditions of dissolution. This comparison serves
to show that the RNRA results presented in this study are in fact
representative. In addition, sample heterogeneity is not expected to
have a major influence on the results since each analysis (beam spot
sizes are on the order of several mm?’) represents a significant frac-
tion of the total surface area of the sample.

Overall, the accuracy of elemental analyses by RNRA is on the
order of 10-20%, depending on the concentration of the element
analyzed, sample preparation techniques, etc. (for more details, see
Petit et al., 1990a). In the present study, propagation of error calcula-
tions applied to the RNRA data are based on an estimated error of
*+10% for concentrations at depths < 1000 A, =20% at depths
> 5000 A, and £15% at intermediate depths. This variation in
uncertainties reflects a decrease in the accuracy of measurements
with depth (see Dran et al., 1988 for details). In addition, it should
also be noted that shallow near-surface RNRA analyses should be
interpreted with caution since the stopping power is dependent on
elemental concentrations that are often poorly constrained at the
surface (Petit et al., 1990a).

Even though there was no direct evidence that the measured H
and Na RNRA profiles were indeed invariant with time, the results
at 300°C from Part IT show that the release rates for Na, Al, and Si
reach steady-state over periods of time on the order of 5 h or less.
In addition, the analysis of the output pH in another similar dissolu-
tion study (Fig. 10 of Hellmann et al., 1990a) shows that steady-state
H consumption also was achieved over similar timescales. Based on
this evidence, the H and Na profiles presented in this study are
considered to represent the steady state.

2.2.2. Rutherford backscattering spectrometry

RBS and ERDA are both techniques that are based on the interac-
tion of a beam of light ions with a sample surface. In the case of
ERDA, the energy spectrum of forward recoiled 'H* ions is mea-
sured, whereas RBS is based on the measurement of the energy
spectrum of backscattered *He ions. A schematic view showing the
geometry of the incident beam, the sample surface, and the resulting
forward recoiled and backscattered ions used in this study is illus-
trated in Fig. 2.

Considering RBS first, this technique is specifically based on
Coulombic interactions between He * ions of the beam and the nuclei
of atoms at the surface and near surface. These collisions result in
elastic backscattering of a small proportion of the incident He ions.
Since the number of backscattered He ions is proportional to the
square of the atomic number of the target material, RBS is especially
suited for heavier elements. The backscattered He ions are analyzed
in energy, which is in effect a mass discrimination of the target
nuclei. This is due to the fact that collisions with a heavy element
impart a greater energy to backscattered He ions than similar colli-
sions with a lighter element. The RBS energy spectrum consists of
specific energy edges and steps, with each edge occurring at a defined
energy and corresponding to a specific element. The height of a
specific step is a function of the surface concentration of a given
element (and other instrumental factors), whereas the energy distri-
bution around each edge provides information on the concentration
with depth. For a review of this technique as applied to similar
geochemical studies, see Casey et al. (1988, 1989a) and Petit et al.
(1990a,b); for more detailed general information on RBS, see Chu
et al. (1978).

3.0 MeV_4He

1

Si detector

Mylar absorber 13pm

RBS

“_1.5 MeV 4He *

Si detector .

Fig. 2. Geometrical configurations of the ion beam, sample, and
detector used to measure forward recoiled H* ions (ERDA) and
backscattered “He ions (RBS).

The samples from this study were analyzed at the Aramis tandem
accelerator (C.S.N.S.M., C.N.R.S.-IN2P3, Orsay, France) with a 1.5
MeV ‘He" beam and a spot diameter of ~1 mm. The geometry of
the incident beam, the target, and the backscattered ions is given in
Fig. 2. The Si detector has a resolution of 15 keV. The depth resolu-
tion is ~100 A, which is in general inferior to the resolution for the
same element analyzed by RNRA, The maximum depth of analysis
is on the order of 2 um (20,000 A).

The quantitative determination of elemental concentrations as a
function of depth is normally done by comparison between experi-
mental and synthetic RBS spectra, which are based on first principles
and assumed target composition (e.g., using the code RUMP). How-
ever, in the present study, a quantification of depths by comparison
with synthetic spectra was not defensible without more detailed a
priori information on the composition of the leached/H-enriched
layers over the probed depth of analysis (~2 gm). In addition, due
to the fact that leaching exceeded the maximum depths of analysis,
it was not possible to rigorously compare spectra from altered sam-
ples with those from a nonaltered reference sample. A further com-
plication of interpreting RBS spectra is due to the fact that the Al
and Si edges are very close in energy, making it very difficult to
discriminate the Al and Si signals. For these reasons we deemed it
prudent to use the RBS spectra only in a qualitative manner.

2.2.3. Elastic recail detection analysis

ERDA was used as a supplementary technique to RNRA for ob-
taining information on H penetration. The main advantage of ERDA
over RNRA is that it is much less time consuming, and, therefore.
less expensive. It does not, however, offer the same accuracy as
RNRA measurements. The ERDA measurements in this study were
based on elastic collisions between a 3.0 MeV He’" beam (Aramis
tandem accelerator, C.S.N.S.M., C.N.R.S.-IN2P3, Orsay, France)
and H in the sample surface and near surface. For our experimental
conditions, the overall resolution was 40 keV. The beam-target sur-
face and the target surface-detector angles are illustrated in Fig.
2. The area of analysis is approximately 4 X 5 mm. Hydrogen
concentrations as a function of depth are determined by the stopping
power of albite for He and H ions, and the energy spectrum of
recoiled "H™. The calibration of measured H concentrations is rou-
tinely done by analysis of two reference standards, Si containing a
precise concentration of implanted H (10" atoms cm™* ) and a SiGe,/
SiO, compound, where the 4,000 A thick SiGe, layer contains 14%
H (calibrated by RNRA ). Both ERDA and RBS measurements were
made in a vacuum of 107 torr. For more detailed information on
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ERDA, see Tirira et al. {1990) and Barbour and Doyle (1995); for
various applications in geochemistry, sec for example Bunker et al.
(1983), Casey et al. (1988, 1989a), Sweeney et al. (1997); and
references therein.

Due to the fact that ERDA is based on a shallow angle of ion
beam incidence with the sample surface (15°), the quality of the
results is very sensitive to surface rugosity. Even though the initial
sample surfaces were extensively polished, the surfaces after the
dissolution runs could not be repolished, since this would have de-
stroyed the acquired H depths profiles. It appears that surface rugos-
ity, due to etch pits and other corrosion features, had a deleterious
effect on the energy spectra collected for all of our samples. In
addition, as is the case for RBS, the rigorous interpretation of ERDA
spectra depends on a relatively accurate a priori knowledge of the
stoichiometry of the target material (ie., the leached/H-enriched
zone). Because of these two reasons, we have used the ERDA results
in a qualitative manner that simply permits us to estimate depths
and to compare relative degrees of H-enrichment for various pH
conditions of disselution.

3. RESULTS AND COMPARISONS
WITH OTHER STUDIES

3.1. RNRA
3.1.1. Hydrogen profiles

Hydrogen profiles for an unaltered sample and samples
subjected to dissolution at acid, neutral, and basic pH are
shown in Fig. 3. The unreacted sample shows a monotonic
decrease in {H] from ~2 X 102 atoms cm™> at the surface
to ~O at a depth of ~600—1000 A. Similar depths of penetra-
tion have been reported for unreacted albite by Petit et al.
(1989b) and labradorite by Casey et al. (1988, 1989a).
These results show that moderately shallow H penetration
in the near-surface structure of feldspars occurs as a natural
consequence of exposure to air.

Atacid pH (3.4), the H profile shows a relatively constant
concentration plateau of ~8-9 X 10% atoms cm™ over a
depth range of 6000 A. The entire depth of H penetration is
beyond the analytical limits of these particular RNRA analy-
ses; we can only assume a sharp decrease in H at some depth
> 6000 A, Itis noteworthy that the H concentrations remain
almost an order of magnitude greater than those recorded
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Fig. 3. Hydrogen concentrations measured by RNRA as a function
of depth. The H plateaus at acid and neutral pH denote the pervasive
infiltration and retention of H species deep within the leached/H-
enriched structure, beyond the depth limit of the RNRA mea-
surements. Note the strong pH-dependence of H incorporation:
[Hlaiapn > [Hlneweat i > [Hlbasic pit = [Hlnon-atered-
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for an unaltered sample over a depth of more than 6000 A
These elevated, plateau-like H concentrations are indicative
of the pervasive penetration of H species of the near-surface
structure during dissolution at acid pH. A SIMS study of
labradorite dissolved at 25°C and acid pH produced very
similar H plateau values, in the range of 1.0~2.3 X 10%
atoms/cm®, and depths of H penetration on the order of
2000 A at pH 3-6000 A at pH 1 (Schweda and Sjberg,
1997). Results from Casey et al. (1988, 1989a), based on
the dissolution of labradorite at pH 3.0 and 25° or 45°C, are
similar to those of Schweda and Sjtberg (1997), except that
the concentrations of H close to the surface are ~65% less.
In both cases, the total amount of H incorporated was sig-
nificantly less than was found in albite in the present study.
This is due to a convolution of several factors: temperature,
mineral composition, and structure.

The H profile for a sample dissolved at neutral pH (pH
5.7) shows a decreasing, approximately linear trend ex-
tending from the surface to a depth of 6000 A. At this depth
there is still a significant amount of H (~1.5 X 10% atoms
cm ™) present within the structure. The overall H concentra-
tions as a function of depth are almost an order of magnitude
less than those obtained at acid pH. The results of Casey et
al. (1989a) for labradorite dissolution at near neutral condi-
tions (pH 5.0 and 7.0) at 45°C also show that the depth of
H penetration into the structure is much less than what they
recorded at acid pH (pH 1-3). Results obtained by Petit et
al. (1989a,b) for the dissolution of albite at neutral pH show
the important effect of temperature; the penetration depths
and the total amount of H incorporated into the structure at
100° were far less than at 200°C, and in turn, these values
were significantly less than those measured at 300°C in the
present study.

It is interesting to note that Petit et al. (1989c) found that
levels of H in the shallow near surface (to depths of ~500
A) decreased by a factor of 2 with respect to the original
concentrations as a function of time during dissolution at
100°C and neutral pH conditions. They suggested that this
effect was probably due to the dissolution of an initial surface
structure which may have been damaged during sample prep-
aration. On the other hand, a study by Casey et al. (1988)
showed that H levels increased in the near-surface structute
of labradorite as a function of time during dissolution at acid
pH. These results point out that the initial structural state
of the surface region plays a potentially impottant role in
determining the initial influx of H species into the leached/
H-enriched zone. This problem also points out an inherent
advantage to dissolution carried out at elevated temperatures
(e.g., 300°C in the present study). Since dissolution rates
at elevated temperatures are high, any surface artifacts or
abnormally high levels of hydration created during sample
preparation ate removed by the rapid retreat of the fiuid/
solid interface (at pH 3.4 and 300°C, the rate of retreat is
~1As™,

The sample dissolved at basic pH (8.6) has a H profile
indistinguishable from that of the unreacted sample. This
result was also shown by Casey et al. (1988, 1989a). The
fact that H concentrations in samples reacted at basic pH are
not greater than those in a nonaltered sample suggests (at
least) one of two possibilities: either H species do not partici-
pate in dissolution reactions within the near surface or, alter-
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natively, H species are present during dissolution but are
not retained within the structure. These ideas are developed
later on.

The most significant finding from the results in the present
study, as well as from the previously published results dis-
cussed above, is that the temperature and the pH of dissolu-
tion control to a large degree the total amount of H incorpo-
rated in the leached/H-enriched zone. In general, the total
amount of H in the structure increases by orders of magni-
tude as the temperature is increased from 25 to 300°C. It is,
however, important to note that the total incorporation of H
at any temperature is a function of pH, since the amount of
H incorporation decreases with increasing pH. Under moder-
ate to very basic pH conditions, there is no apparent tempera-
ture dependence, since reacted samples do not contain more
H than is present in unreacted samples. Possible reasons for
this pH dependence are discussed later on,

3.1.2. Sedium profiles

Using the same samples analyzed for H, Na concentrations
were measured by RNRA,; these data are shown in Fig. 4a.
The unaltered reference sample yielded a nearly constant Na
concentration of ~6 X 10?" atoms cm™. This is the amount
theoretically present in the bulk material, based on published
crystallographic data (4 Na atoms per unit cell volume of
664.5 A®: Hatlow and Brown, 1980). The sample dissolved
at acid pH shows almost complete Na depletion up to a depth
of ~500 A, beyond which the Na data show a sigmoidal
increase, marked by an increase in concentration by approxi-
mately a factor of 3. This is followed by the attainment of
a relatively constant platean of ~2 X 10* atoms em~. This
concentration plateau represents only one third of the amount
of Na found in unaltered albite, thereby suggesting that Na
depletion extends to significant depths, potentially much fur-
ther than the analytical limits of the RNRA technique
(~10,000 A). It is interesting to note that similar behavior
was noted with XPS profiles of albite samples altered at
225°C (Hellmann et al., 1990a), Even though it cannot be
proven, it is quite likely that the Na concentrations increase
in a sigmoidal manner before the attainment of Na levels
commensurate with the unaltered material (examples of sig-
moidal behavior can be noted in several studies: Casey et
al., 1988, 1989a; Petit et al., 1989b, 1990b; Schweda and
Sjoberg, 1997).

Dissolution at neutral pH resulted in Na concentrations
slightly more than half of that measured in the unaltered
sample. A slight sigmoidal increase in Na concentrations,
from ~3 to-4 X 10" atoms cm ™2, also occurs over approxi-
mately the same depth range as the more pronounced sigmoi-
dal increase measured at acid pH. As was the case at acid
PH, the overall degree of Na loss appears to be very signifi-
cant and probably extends many thousands of A into the
structure. Judging from the Na profile in albite presented in
Petit et al. (1989b), the degree of Na loss can be quite
variable from sample to sample. Their results for dissolution
at 200°C and neutral pH show almost complete removal of
Na to a depth of approximately 1000 A. This degree of
extensive Na removal was only observed for dissolution un-
der acid pH conditions in the present study,

The sample reacted at basic pH has a profile indicating a
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Fig, 4. (a) Sodium concentrations measured by RNRA as a func-
tion of depth. As with H incorporation, [Na] present in the leached/
H-enriched structure displays a strong pH-dependence. The anticor-
relative trend between H infiltration and Na retention implies ion
exchange between H* (or F;0*) and Na*. As was also the case
with H, the Na measurements indicate that the depths of depletion
at acid and neutral pH exceed the probed thickness, (b) Na release
(i.e., loss) as a function of depth, which is defined as: ANaeased
= Naloux — [Nalmewiea. Note the strong degree of Na loss at the
very near surface, especially at acid pH.

significant amount of Na loss up to a depth of ~500 A, with
a Na concentration at the surface approximately equal to that
measured at neutral pH. At greater depths the Na profile is
relatively constant, on the order of ~0.6 X 10%' atoms cm™
less than that of the unaltered sample. This difference may
not be significant since it falls within the range of analytical
uncertainty of the measurements,

The overall pH-dependence of Na depletion is represented
in a slightly different manner in Fig. 4b. This figure shows
Na depletion {A Naumea) as a function of depth, where
depletion for a given pH and depth is defined as: A Nayejgpseq
= [Nalowc = [Nalneasued. The Na depletion curves at acid
and neutral pH clearly show an abrupt change in behavior
in the region ranging from the surface to depths of ~1000-
1500 A. This may be indicative of a much greater degree of
Na loss close to the surface as compared to regions beyond
1500 A in depth. It is interesting to note that the Na loss at
shallow depths within the near-surface structure at basic pH
is roughly equal to that recorded at neutral pH. At greater
depths, however, the Na depletion profile at basic pH de-
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creases more rapidly. The degree of Na loss at depths greater
than 1000 A is on the order of 1.0 X 10?' atoms cm™.
However, additional analyses would be needed to ascertain
whether Na loss at depths beyond 1000 Aisareal phenom-
enon.

One of the most important results shown by the Na trends
in Fig. 4a,b is that the degree of Na depletion within the
leached/H-enriched region decreases as a function of in-
creasing pH. The anti-correlative trends between Na and H
are strong evidence for jon exchange between Na* and H*
or H,O*, In addition, the nature of the H and Na profiles
suggests the interdiffusion of Na and H species (Petit et al.,
1989b). The results of Petit et al. (1989b) also show that
the release of Na is effectively suppressed when albite is
dissolved in a Na-spiked solution. These results point out
the overall importance of the rate of diffusion in determining
the degree of Na loss. The interrelated nature of H and Na
diffusion and ion exchange is discussed in detail in Part IV,

3.2. RBS

In the following section several RBS spectra are shown
for samples altered at acid, neutral, and basic pH conditions.
As was the case for the RNRA analyses, only (010) surfaces
were analyzed. Figure 5a shows a comparison of the spectra
for a natural cleavage surface and that of a polished surface.
Note that the spectra overlap within the energy ranges corte-
sponding to the Na, Al, and Si edges. This result indicates
that the polishing procedure detailed earlier does not lead to
a detectable depletion of these elements. Figure 5b shows a
close-up of a spectrum for the same natural cleavage surface
compared to a fitted theoretical RBS spectrum (the stoichi-
ometries that were used for the synthetic spectrum are given
in the figure caption). It is interesting to note that the RBS
spectrum reveals the presence of either Ca or K. Based on
the fitted theoretical spectrum, the molar concentration of K
or Ca with respect to Na is ~0.015:1.0 (note that the K and
Ca edges are very close in energy, and, therefore, these
elements cannot be easily discriminated; henceforth they are
referred to together as K (Ca)). These results may indicate
the presence of plagioclase or K-feldspar micro-domains,
respectively, The spectrum also reveals the presence of trace
amounts of Fe (either an in situ impurity or from Ti reactor)
and Au (contamination from metal coating evaporator). The
sharp drop in the Au spectrum with decreasing energy indi-
cates only a surficial enrichment in Au.

Figure 6a shows the RBS spectra for two samples that
were reacted at pH 3.3 and 300°C for periods of 3 and 24
h (samples E11 and ES, respectively). These spectra are
compared with a reference spectrum for a nonaltered, pol-
ished sample (sample NP). Based on the reasons given pre~
viously, exact elemental depths of leaching based solely on
the RBS spectra cannot be determined. Nonetheless, exami-
nation of the spectral step heights and yields associated with
the Si, Al (not shown for clarity), Na, and O edges reveals
that the altered samples can be characterized by zones of
leaching that do not have the same stoichiometry as the
nonaltered reference. The depths associated with this alter-
ation extend beyond the limits of analysis (~2 um).

Figure 6b represents two close-ups of the same spectra,
showing replicate analyses of E11 (left side of figure) and ES
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Fig. 5. (a) RBS spectra for two nonreacted surfaces, a natural
cleavage surface and a polished surface, The RBS spectra show the
normalized yield of backscattered “He ions as a function of their
Kinetic energy. The spectra consist of steps associated with character-
istic edges for Si, Al, and Na that are located at specific energies.
The overlap in the spectra indicate no significant differences in Si,
Al, and Na concentrations between -the samples. (b) RBS spectrum
of the same natural cleavage surface in (a) and a fitted synthetic
spectrum, based on the following stoichiometry for pure albite that
contains minor impurities and a surficial layer of C: Fe 0.018, K
(Ca) 0,015, Si 3,00, Al 1.00, Na 1.00, O 8.00, C 1.00. The constant
vertical offset (i.e., step height) associated with the K or Ca edge
suggests the presence of K-feldspar or plagioclase micro-domains
to significant depths. Note that the proximity of the K and Ca edges
does not allow for the discrimination of these elements.

(right side of figure), and two refersnce spectra, nonaltered
sample NP and a synthetic spectrum based on the stoichiom-
etry of albite. The spectra of the aitered samples clearly
show the lack of discernible Na edges as compared to the
Na edges present for the references, Note-also that the spectra
show smooth increases in the normalized yield at energies
below the respective Na edges; these spectra also remain
roughly equidistant from those of the reference spectra (Fig.
6a). This indicates that the alteration zones associated with
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Fig. 6. RBS spectra for two altered samples at acid pH (E11l
reacted for 3 h; E5 reacted for 24 h), compared to a nonaltered
sample (NP). (a) The full RBS spectra show that the Si, Al, Na,
and O stoichiometries of the altered samples are different from that
of the reference sample over the entire probed thickness (~2 pm).
(b) Close-ups of two replicate spectra (E11 on the left and E5 on
the right), compared to NP and an additional synthetic spectrum
representing pure albite (smooth line). The lack of Na edges and
the continuous nature of the E11 and ES5 spectra suggest depletion
of Na over the entire probed thicknesses (~2 pm). In addition, the
lower yield associated with the Al and $i edges in E5 vs. E11 (as
compared to the two reference spectra) is interpreted to indicate a
greater degree of Al leaching in E5 (see text for details).

E11 and E5 have a relatively constant composition and that
Na. depletion occurs to depths exceeding the probed thick-
ness (~2 pm). In addition, it is interesting to note that the
relative difference (with respect to the reference spectra) in
the step height of the BES spectrum at the Al and Si edges is
noticeably less than that of E11, which was reacted for a
much shorter period of time. The RBS spectra themselves
do not allow for a quantification of this behavior, since step
heights are can vary from one sample spectrum to another.
However, evidence from solution analyses (see discussion

further on, see also Part 11}, as well as data in the literature .

concerning near-surface depth profiles measured on altered
albites, as well as other feldspars {e.g., Casey et al., 1989%a;
Hellmann et al., 1990a), suggest that the decreased step
heights and yields at energies below the Al, Si edges of
sample E5 vs. E11 can be attributed to a greater degree of
preferential Al loss having occurred in ES, which was reacted
for a significantty longer period of time.

Figure 7 shows the spectra for two samples that were

reacted at neutral pH and 300°C (ES8 for 1 h and RC for 24
h), and the spectrum for the nonaltered sample NP, The step
heights corresponding to the Si (and Al), Na, and O edges
are very similar. The cause for the shift in the RC spectrum
towards higher energies near the Si edge is not known. The
close similarity of the spectra corresponding to the altered
and reference samples indicates similar stoichiometries,
within the accuracy and sensitivity of the analyses. In com-
parison with the results deduced from Fig. 6a,b, the degree
of alteration (i.e., preferential leaching) at neutral pH condi-
tions is significantly less than that at acid pH.

Despite the lack of eviderice for significant Na leaching
and H enrichment at basic pH conditions (see RNRA results,
Figs. 3, 4ab), several experiments were run to examine
whether altered zones, characterized by the exchange of
leached constituents with aqueous cations, also occur at basic
pH conditions. Results for two samples altered at basic pH
conditions are shown in Fig: 8. The first sample, E16, was
dissolved in a degassed, 1.3 X 107> M Ba(OH), solution
(pH 8.6 at 300°C; pH = 11.3 at 25°C). The RBS spectrum
at the Ba edge illustrates the effect of a significant Ba surface
precipitate (the presence of which was verified by SEM).
Based on the chemistry of the aqueous solution and satura-
tion indices calculated with the code EQ3, the precipitate
may be a Ba silicate (i.e., Ba,;Si;05 ot Ba,SiQ,). However,
there may well be a possible incorporation of Ba into the
structure as well. If Ba were only present as & thick surface
precipitate, the Si and Al edges would have been shifted to
lower energies; this however, is not observed (see Fig. 8).
Weinterpret this complex spectrum as representing a probed
surface that was partially coated with a Ba precipitate, but
that some of the surface was also free of precipitate. Even
though the general shape of the spectrum roughly parallels
that of the nonaltered reference sample, the Ba signal renders
the accurate measurement of step heights associated with the
Al, Si, and Na edges very difficult.
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Fig. 7. RBS. spectra for two altered samples at neutral pH (ES
reacted for 1 h, RC reacted for 24 h), compared to a nonaltered
sample (NP). The close similarity in the spectra suggest negligible
differences in the Si, Al, Na, and O stoichiometries, Comparing
these RBS results to those in Fig. 6a suggests significantly less
alteration occurs at neutral vs. acid pH.
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Fig. 8, RBS spectra for two samples altered at basic pH conditions,
compared to a nonaltered sample (NP). E16 was altered in a 1.3
X 107* M Ba(QH), solution. Its spectrum reveals a large vertical
offset, starting at the Ba edge. We interpret this complex spectrum
as representing a probed surface that was partially coated with a Ba
precipitate, but that some of the surface was also free of precipitate
(see text for details), Sample E17 was altered in a 10~ M KOH,
~4 X 107 M RbC! solution; after alteration there was no evidence
for the same degree of precipitation encountered with E16. The
vertical offset associated with the K edge (or Ca edge, which is
not shown for clarity) is interpreted to be due to the near-surface
enrichment of K {compare this normalized yield with that in
Fig. 5b).

A second sample (E17) was altered in a degassed, 10~°
M KOH, ~4 x 107> M RbCl solution (pH 8.3 at 300°C,
pH 11.0 at 25°C). The composition of this solution avoided
the significant precipitation of a'secondary phase during dis-
solution. The broad and flat extent of the yield at energies
below the K (Ca) edge is indicative of the presence of K
(Ca) to significant depths, but that cannot be quantified,
however. Note that the yield of K (Ca) is significantly
greater than that measured for the nonaltered reference sam-
ple (see Fig, 5b). The step height associated with Rb is too
small to verify its presence and depth extent within the near
surface. Due to presence of K (Ca), the spectrum of E17
has been shifted upwards, starting from the K (Ca) edge
(see Fig. 8). This upward shift influences the interpretation
of the Si, Al, Na, and O step heights. Subtraction of the K
(Ca) step height, for example, decreases the Al and Si step
heights with respect to the nonaltered reference, thereby sug-
gesting a depletion of Al and/or Si. However, the qualitative
nature of the RBS spectra do not allow us to quantify this.

The question arises as to what the K (Ca) spectra repre-
sent. The presence of K or Ca within the near surface may
be due to microdomains of K-feldspar or plagioclase, respec-
tively, as was shown in Fig. 5b, which shows that K (Ca)
is present in minor quantities in samples that are nonpolished
and nonaltered. Upon alteration, significant enrichment of K
(Ca} occurred in all samples that were reacted at basic pH
in KOH/H;0 solutions, while no enrichment was noted in
samples altered at acidic or neutral pH (with one notable
exception at'neutral pH— possibly due to contamination?).
The omnipresence of a K (Ca)'signal in samples altered at

basic pH conditions suggests that K from the aqueous solu-
tion may have penetrated the structure. The presence of a
K-bearing precipitate is unlikely, based on saturation index
calculations. Supporting evidence for this is based on the
observation that the Si and Al edges did not shift to lower
energies (see Fig. 8).

One possible mechanism for the incorporation of K into
the structure is via the ion exchange couple: K+ © Na*.
Clear evidence for measurable Na depletion in the RBS spec-
tra of samples E16 and E17 is lacking, however. Close-up
examination of specttum E17 reveals the presence of a Na
edge. Nonetheless, the RNRA results presented in Fig. 4a
show that there is some shallow loss of Na from the albite
structure upon alteration at basic pH conditions, to depths
of ~500-1000 A (see also XPS results in Hellmann et al.,
1990a). This result shows that a minor amount of K* <
Na™ exchange may be possible. Another possibility that can
be considered is that K* serves to charge balance ==Si—O0~
and ==Al—O~ groups created by the hydrolysis and prefer-
ential loss of Al from the altered zone (see Eqn. 5 and
discussions further on). Direct evidence for the preferential
loss of Al in this study is missing, though we can speculate
that this is possible, based on the discussion above pertaining
to the RBS results in Fig. 8. In addition, the solution results
in Part IT do show that Al loss occurs at elevated basic pH
conditions and 300°C,

3.3. ERDA

The results that were obtained by ERDA are based on the
second set of albite samples, as was the case for the RBS
spectra presented in Figs, 5—8. Sample RC is the one excep-
tion since it belonged to the first set of samples, but it was
also analyzed by ERDA and RBS along with samples of the
second set. Figure 9 shows the ERDA spectra of four sam-
ples (010 surfaces): NP, nonaltered; RC, altered at neutral
pH for 24 h; E8, altered at neutral pH for 1 h; ES, altered
at pH 3.3 for 24 h, The spectra shown were not quantitatively
treated further for two reasons: First, the spectra are of poor
quality, most probably due to the deleterious effects of post-
reaction surface rugosity. Secondly, as was the case for RBS,
a quantification of depths by comparison with synthetic spec-
tra was not defensible without more detailed a ptiori informa-
tion on the composition of the leached/H enriched layers.
Nevertheless, some important qualitative information was
extracted from the spectra shown in Fig. 9.

The nonaltered sample NP (surprisingly ) presented by far
the greatest normalized yield of H, but the depth of penetra-
tion is below the resolution of the technique, and is, there-
fore, restricted to depths less than 1000 A. It is not certain
why this nonaltered sample had such an elevated concentra-
tion of surficial H (compare to nonaltered sample in Fig. 3).
The relative differences in H between this sample and the
reacted samples may be due in part to the extreme flatness
of the unreacted surface, this leading to a higher signal /noise
ratio (in particular at the surface). Another reason is based
on enhanced H incorporation into a damaged surface struc-
ture created during the polishing process. However, as men-
tioned eatlier, the rapid retreat of the surface during dissolu-
tion (1 Astat pH 3 and 300°C) ensures that any surficial
hydration present at the start of an experiment has no effect
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Fig. 9. ERDA spectra for samples altered at acid pH (ES} and
neutral pH (E8, RC), compared to the spectrum for nonaltered sam-
ple (NP). The respective RBS spectra for these samples are shown
in Figs. 6a,b and 7. The large yield peak of the nonaltered sample
indicates a surficial H enrichment (probably due to a higher signal/
noise ratio and/or surface damage and hydration during polishing)
to a depth below the resolution of the technique (~ 1000 A). The
spectra of E8 and RC indicate very little H penetration, Note that
RC may have an anomalously low H concentration; see text for
details. Sample ES shows H penetration, at a constant concentration,
over the entire probed depth (~1 pm). These results confirm the
strong pH dependence of H incorporation.

on the H concentrations measured at the end of an experi-
ment. This is shown in Fig. 9, where the surficial H concen-
trations in the altered samples are significantly lower than
in the nonaltered sample. A similar observation was made
by Petit et al. (1989c), where H concentrations close to the
surface decreased as a function of reaction time,

The two samples reacted at neutral pH conditions also
show only a shallow enrichment of H. Sample ES8, reacted
for only 1 h shows a greater amount of H incorporation than
sample RC, which was reacted for 24 h. It is possible that
RC may have lost H that was originally present and measured
by RNRA (see Fig. 3). This may be a consequence of stor-
age in air over a period of 6 years (the RNRA measuretnents
wete originally made in 1990). It should be kept in mind,
however, that H measurements at the very near surface are
susceptible to large errors, due in part fothe very near surface
having the greatest changes in stoichiometry with respect to
the bulk, as well as surface rugosity.

The most important information regarding H penetration
is contained in the spectrum of sample ES. Alteration at pH
3.3 for 24 h resulted in the pervasive penetration of H over
a depth exceeding the probed thickness, which is on the
order of 1 pm. The decrease of the normalized H yicld
with decreasing encrgy reflects the dependence of the cross
section as a function of the beam energy. The actual H
concentration remains constant over the entire probed depth.
The relative differences in the depths of H penetration at
acid vs. neutral pH conditions is consistent with the RNRA
results presentéd earlier (Fig. 3) which show that H incorpo-
ration in the leached/H-enriched zone falls off sharply with

increasing pH. In addition, the ERDA results for sample ES
complement the RNRA data shown in Fig. 3 for the sample
altered at acid pH. Even though we did not attempt to derive
absolute H concentrations from the ERDA spectrum, we
can now speculate that the H concentration plateau for
acid pH dissolution in Fig. 3 can be extended from 6,000 to
10,000 A. ~

3.4. Solution results

Information pertaining to agueous measurements taken
during the dissolution runs of the samples analyzed by
RNRA, RBS, and ERDA is given here. In general, data for
the samples reacted at 300°C at acid, neutral, and basic pH
is limited, especially due to a lack of consistent sampling
during the very initial stages (¢ < 2 h) of each of the respec-
tive experiments. However, these data have been supple-
mented by results from Part II that pertain to. other albite
samples which were dissolved under temperature and pH
conditions similar to those in the present study. In Part 11,
the stoichiometry of the aqueous products (i.e., [Na], [Al],
and [Si]) during dissolution was recorded as a function of
time. These data complement the information contained in
the elemental depth profiles,

With respect to the samples reacted at acid pH in this
study, the measured Na and Si release rates were stoichio-
metric within the error of the analyses. Even though Na
leaching depths were not determined for these particular
samples, one can compare Na leaching depths determined
for samples dissolved at 300°C and acidic pH conditions.
For example, at pH 2.2, Na leaching depths were determined
to vary from 151 to 1405 A; at pH 4.0 a Na leaching depth
of 245 A was calculated (see Table 1, Part II; depths based
on a linear depletion gradient). The samples reacted at neu-
tral pH also displayed stoichiometric dissolution over the
course of the experiments (for # > 2 h). Samples from the
study in Part II that were dissolved under the same conditions
yielded Na leaching depths ranging from ~0 to 249 A. As
was. the case at acid and neutral pH conditions, there were
insufficient data to calculate precise Na leaching depths for
the samples dissolved at basic pH. Nonetheless, intermittent
sampling provided evidence for the preferential release of
Na over Si. Sodium leaching depths from Part II, based on
samples dissolved at 300°C under basic pH conditions, ap-
pear to be shallow and not more than a few hundred A in
depth (see Table 1, Part IT).

4, DPISCUSSION

4.1. Depths of Na Leaching: Comparison of Aqueous
and Near-Surface Analytical Measurements

Overall, the Na profiles and spectra determined by RNRA
and RBS, respectively, reveal Na leaching to generally occur
to much greater depths than determined from the aqueous
data in Part II. This discrepancy in leaching depths is not
restricted to the results presented in this study, Many studies
in the literature have demonstrated preferential leaching in
feldspars, to depths ranging up to several thousands. of A at
temperatures <50°C, based on diverse surface and near-
surface analytical techniques (e.g., SIMS, XPS, ERDA,
RNRA, RBS; see numerous references cited in the Introduc-
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tion). In contrast, leaching depths based solely on the aque-
ous products of dissolution are generally more than an order
of magnitude less important. The majority of feldspar disso-
lution studies at 25°C show the formation of leached layers
with thicknesses not exceeding ~100~150 A, as determined
by solution analyses (e.g., see Fig. 15, Part II, showing
leaching depths as a function of plagioclase composition).
An exception to this has been noted for feldspars with a high
anorthite content (e.g., labradorite ), where extended periods
of nonstoichiometric dissolution have resulted in leached
layers with much greater thicknesses (see Sjvberg, 1989;

Stitlings and Brantley, 1995; Schweda and Sjoberg, 1997). .

The labradorite study by Schweda and Sjoberg (1997) is
noteworthy in that their SIMS-determined depths of leaching
are in good agreement with leaching depths based on their
solution results.

As discussed in detail in Part II, aqueous data lead to
leaching depth estimates that are inherently conservative.
Perhaps the most important reason for this is due to the fact
that solution analyses do not provide information on the
shape of the depletion profile, and, therefore, various types
of depletion profiles must be assumed in order to: calculate
depths of leaching. Commonly, leached layers. are repre-
sented by a near-surface region of complete (100%) deple-
tion, and a step function profile is used to represent the
interface between the depleted zone and the unaltered min-
eral (see, for example, Chou and Wollast, 1984). Alterna-
tively, a linear depletion profile can be used (as in Part IT),
where the concentration gradient, for example, is based on
boundary conditions of 100% depletion at the fluid/solid
interface and 0% depletion at the leached layer/unaltered
structure interface. Nonetheless, both step function and linear
depletion profiles are based on unrealistic gradients and
boundary conditions. This necessarily results in an underesti-
mation of leaching depths.

On the other hand, directly-measured profiles using vari-
ous near-surface analytical tools, such as ion beam and elec~
tron spectroscopy techniques, are commonly sigmoidal in
shape (e.g., Casey et al., 1988; Hellmann et al., 1990a). In
addition to this, these profiles often display long tails in the
direction of the unaltered structure, where these tails: tepre-
sent an asymptotic approach to 0% depletion (e.g., XPS
results in Hellmann et al., 1990a). This in itself can exténd
the depth of leaching considerably. It is difficult to-agcertain,
however, whether. these. extended tails are always real or
not, since they may simply be a function of the decreasing
accuracy of these analytical techniques with increasing
depths of analysis (for RNRA accuracies, see Dran et al.,
1988; Petit et al., 1990a,b).

Another point that is important in comparing solution and
ion beam results is that the solution analyses represent the
global dissolution behavior of albite. The ion ‘beam profiles
and spectra, on the other hand, represent information re-
stricted to specific surfaces ({010) in the present study) and
are derived from beam spot areas on the order of 1-3 mm?*
for RNRA and RBS, and up to 20 mm? for ERDA. Since
no other surfaces were analyzed, we cannot be certain that
leaching and H enrichment occur in the same manner on all
surfaces, as well as in all relevant crystallographic directions.
Nonetheless, €asey et al. (1988) did not note any significant
differences in H profiles for (001) and (010) planes in labra-

dorite subjected to dissolution at 25°C under acid pH condi-
tions. This type of result, however, needs to be investigated
in the future with respect to albite reacted at 300°C.

A question often raised concerns the presence of structural .
defects and microtextures that may provide enhanced diffy-
sional pathways (e.g., Balluffi, 1984) for H infiltration and
cation release from the structure. This argument has been
invoked to explain deep H penetration into crystalline struc-
tures, as well as incongruent cation release over extended
periods of time. Many studies in the literature have noted
that feldspars with high anorthite contents (e.g., oligoclase
and labradorite) do not dissolve congruently, even after thou-
sands of hours of dissolution (Sjdberg, 1989; Shotyk and
Nesbitt, 1992; Stillings and Brantley, 1995; Schweda and
Sjvberg, 1997). This incongruent dissolution behavior has
been attributed to enhanced diffusional transpott rates along
various types of grain and crystallographic boundaries, or
alternatively, to differential dissolution rates of exsolved
phases (e.g., Eggleton, 1986; Inskeep et al., 1991; Nesbitt
et al., 1991; Stillings and Brantley, 1995; Lee and Parsons,
1995).

Even though conclusive proof is not available, it is not
likely that the H and Na profiles in the present study are
due to enhanced transport rates by. structural control. Two
primary reasons can be cited: first, the release of elements
from albite rapidly becomes congruent during dissolution
mns at elevated temperatures, suggesting that pathways of
enhanced diffusion are not important; and secondly, RNRA
profiles of albite glass (which does not have twin and cleav-
age planes) are roughly similar to those-of crysta]line albite
(R. Hellmann, unpubl.. results).

One other result that is not clear concerns itself with the
total amount of Na lost under neutral and basic pH condi-
tions. According to the aqueous results in, Part IT, minimum
depths of Na leaching occur in the neutral pH region. At
basic pH, the results were variable, such that in some cases,
no preferential leaching of Na was obsetved, and in others,
Na leaching depths up to several hundred }s were deter-
mined. This variability precluded the estabhshment of an
unambiguous trend in the neutral to basic pH fegion, as is
discussed in detail in Part II. The RNRA results, on the other
hand, show a greater amount of total Na loss at neutra] Vs,
basic pH conditions. Figure 4a,b show: that to” a depth. of
approximately 500 A, the degree, of Na loss is roughly the
same at neutral and basic pH, but at greater depths, the
amount of Na loss at basic pH is insignificant. At present,
it is not clear why the solution and near-surface analytical
results are not in accord. It is certain, however, that more
solution data are needed in order to better constrain the
stoichiometric behavior of albite dissolution in the basic pH
region.

At present, we are not aware of any studies that have
measured Na profiles in feldspars reacted in solutions with
pH’s ranging from neutral to basic. Thus, we cannot directly
compare our Na RNRA results at basic pH. Nonetheless,

there appears to be a certain generalized variability in Na

RNRA profiles in the. literature, as was noted in the discus-
sion above concerninig Na depletion’ at neutral pH (e.g.,
100% Na depletion at shallow depths measured after dissolu-
tion at neutral pH and 200°C; Petit et al., 1989b). A precur-
sory explanation for-the variability in both the.aqueous and
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RNRA profile results may be related to the inherent high
mobility of interstitial cations, such as Na. Even though Na
diffusion rates have not been measured directly in the present
study, diffusion modeling results (see Part IV) suggest that
Na diffusion rates are very rapid, by up to several orders of
magnitude. greater than rates of H diffusion.

4.2, H/Na Ratios and Ton Exchange

Figure 10 presents H/Na ratios as a function of depth for
dissolution at acid, neutral, and basic pH conditions at 300°C.
For a given depth, the H/Na ratio is defined as the concentra-

tion of incorporated H divided by the concentration of re-’

leased Na. The amount of released Na at a given depth is
calculated from [Nalyy — [Na]ges. The H/Na ratio can be
used to quantify the interrelated nature of H infiltration and
Na release. The results presented in Fig. 10 show that at
acid pH, the ratio of H/Na monotonically increases from
~1.2 at the surface to ~2.3 at a depth of ~2500 A. At
neutral pH the H/Na ratio ranges between ~1.0 and 0.7,
and at basic pH the ratio is ~0.4. For dissolution at acid
pH, the H/Na ratios are greater than one, indicating that
more H is incorporated in the structure than Na is lost. At
neutral pH there is a rough equivalency between H uptake
and Na loss. At basic pil, the ratio is less than one. This
observation may relate to the very limited loss of Na at
basic pH conditions (see RNRA profile in Fig. 4a,b) being
compensated for by exchange with aqueous species other
than H ions. The RBS spectra presented earlier for dissolu-
tion in a KOH/H,O solution (Fig. 8) do not show any sig-
nificant Na loss, but the presence of K to significant depths
is potentially related to the penetration of aqueous species,
such that K* possibly charge balances lost Na™. Based on
the available data, however, it is still ambiguous as to
whether ion exchange reactions occur at basic pH conditions
and elevated temperatures,

It is commonly accepted that charged H species in solution
are exchanged on a 1:1 charge basis with Na (or other alkali
and alkaline earth cations), as has been demonstrated by
numerous acid-base titration studies of feldspars (see Garrels
and Howard, 1957; Chou and Wollast, 1985; Stillings et al.,
1995). If, hypothetically, only ion exchange occurs within
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Fig. 10, The ratio of H incorporated to Na released (i.e., Na loss)
as a function of pH. The ratios at acid pH indicate that more H
is incorporated than Na is released within the leached/H-enriched
structure. At neutral pH, H incorporation and Na loss are roughly
equal while at‘basic pH, the ratios are less than one, possibly indicat-
ing Na ion exchange with other aqueous species.

altered layers, then the H/Na ratio can be dirccfly used to
deduce the nature of the exchange mechanism and specles
The following examples illustrate this:

H/Na =3 H;O" & Nat 1)
H/Na=1 H*eNa* (2)
H/Na=1-3 H*eo Na* + HxOs. (3

Reactions 1 and 2 represent pure ion exchange mecha-
nisms, Experiments concerning the dissolution of silicate
minerals and glasses typically show H/Na values ranging
between 1 to 3 (Dran et al., 1988; Petit et al., 1990b). These
studies have suggested that H/Na ratios between 1 and 3
are indicative of ion exchange associated with the infiltration
of free water molecules (Eqn. 3), or alternatively, ion ex-
change of hydronium ions (Eqn. 1), followed by the loss
of H via condensation reactions. Condensation reactions of
silanol groups were first noted in glass dissolution studies
(Pedersen et al., 1986; Bunker et al., 1988), and have conse-
quently been postulated to occur in a similar manner in
crystalline silicates (Casey et al., 1988; Petit et al., 1990a),

Condensation reactions involve the repolymerization
of adjacent ==Si—OH groups as follows: =Si—OH
+ HO—S8i= — =S8i—0—S8i= + H,0. The net effect of
this reaction is the loss of H and O in the structure, accompa-
nied by the production of free water molecules. The ratios
of H/Na shown above in Eqns. 13 may also be a function
of temperature. Dran et al. (1988 suggest that ion exchange
reactions are favored at lower temperatures, whereas the
pervasive infiltration of water melecules is favored at ele-
vated temperatures. As will be discussed next, the interpreta-
tion of H/Na ratios cannot entirely be viewed in the context
of ion exchange and water gain or loss, but they must also
include the effects of Al preferential leaching and the cre-
ation of silanol groups.

4.3. H/Na Ratios, lon Exchange, and Aluminum
Hydrolysis

The analysis of the H/Na ratios in the present study is
not-straightforward, mainly due to the premise that dissolu-
tion and the creation of leached/H-enriched layers is not
simply a function of ion exchange. Thus, it is net possible
to differentiate between the various types of H species that
infiltrate the structure, based solely on the H/Na ratios. In
order to fully understand these ratios, other sinks for H within
the- structure must be-considered.

One very important mechanism for incorporating H into
the structure is through the preferential release of Al As
shown in Part II (see Table 1), at 300°C Al is preferentially
released under acid and neutral pH conditions (despite the
obscuring effects of Al precipitates), as well as under ex-
tremely basic pH conditions (pH > 9.5 at 300°C). The
preferential release behavior of Al and Si at weak to interme-
diate basic pH conditions (5.7 < pH < 9.5) is not yet well
understood, in that either Al or Si may be preferentially
released (to shallow depths, see Part II for a detailed discus-
sion).
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The preferential release of tetrahedrally-coordinated Al
can be represented by the following equations:
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Equation 4a shows the initial ion exchange reaction between
Na* and H* (dotted lines represent purely electrostatic
bonding). Equations 4b and 5 portray hydrolysis reactions
that lead to the creation of silanol groups and the release of
Al at acidic and basic pH conditions, respectively. Equation
5 presupposes dissolution in a KOH/H,O solution and an
initial ion exchange reaction between Na* and K * (the iden-
tity of the charge-balancing interstitial cation has no effect
on the hydrolysis reaction as shown). The important point
in Eqn. 5 is the creation of =S8i—Q~ groups. The negative
=8i—0" groups may be charge compensated by interstitial
K" jons. This represents an alternative explanation (vs. Na*

and K* ion exchange) for the potential presence of K to
significant depths in the leached structure {see RBS spectrum
E17, Fig. 8).

The above reactions do not show the various elementary
steps which are a part of the overall hydrolysis processes,
The hydrolysis reactions include the presence of water, in
accord with recent ab-initio calculations (Xiao and Lasaga,
1994, 1996). At acid pH, these calculations show that there
is no energetic difference between hydrolysis involving H*
and H,O vs. HyO™". As shown above, the free Al groups
possess an overall charge of +3 at acid and ~1 at basic pH
conditions, respectively. The speciation and charge of each
free Al group is of course dependent on pH. The exact mech-
anism for the transformation of Al from tetrahedral coordina-
tion within the structure to sixfold coordination in solution
is not well-understood (see Casey et al., 1989b), especially
with respect to whether this occurs in situ at the sites of
hydrolysis, during diffusion within the leached/H-enriched
layer, or at the fluid/solid interface.

In regard to the incorporation of H into the structure, it
is the creation of silancl groups which is of primary interest.
Under acidic conditions, the hydrolysis of bridging oxygen
bonds in each ==Si—O—Al= linkage results in the cre-
ation of a silanol group, shown as ==Si—OH (Eqn. 4b).
On the other hand, under basic pH conditions, each silanol
group which is created instantly deprotonates, resulting in
the formation of a negatively-charged =Si—O~ group
(Eqn. 5). In both cases, the proportion of =Si—OH to
=Si—O" groups is a function of the pH and the acid-base
constants of =8i—OH at the temperature of interest. At
25°C, surface =Si—OH has the following acid/base con-
stants: pK,, ~ —2.0 and pK,; ~ 6.6 (constants based on
amorphous silica, pKy value averaged from Schindler and
Kamber, 1968; and Sigg, 1973). At 25°C, therefore,
==8i—OH groups start to predominate at pH < 6.6 and
=8i—O0~ groups predominate at pH > 6.6. At this point,
the reader should note that it is implicitly being assumed
that the protonation/deprotonation behavior of =Si—OH
groups within the leached zone is the same as at the surface.

Due to a lack of thermodynamic data concerning
==Si—OH at ¢levated temperatures, the exact calculation
of pKy and pK. at 300°C is not attempted. At present,
studies pertaining to silica surface chemistry at elevated tem-
peratures are restricted to T < 100°C (Brady, 1992; and
references therein). However, it is generally accepted that
pK, values for most metal-OH groups decrease with increas-
ing temperature up to ~200°C. At temperatures > 200°C, it
is not clear whether pK, values continue to decrease, become
constant, or actually increase (for more details, see Ma-
chesky, 1990; Machesky and Jacobs, 1991; Schoonen, 1994;
Machesky et al,, 1994; see also discussion in Part IT),

Despite the lack of reliable estimates for pK,; and pK,,
for ==8i—OH groups at temperatures above 100°C, we as- |
sume that at 300°C =Si—OH groups predominate at pH
3.4, and that =3i— O~ groups predominate at pH 8.6. In
the neutral pH range (pH = 5.7), =S3i—OH and =8i—0~
groups most probably coexist, in an unknown proportion.
The important point is that the removal of a tetrahedrally-
coordinated Al results in the maximum incotporation of 4
H atoms into 4 silanol groups (for a net gain of 3 H atoms-
see Eqn. 4b) under pH conditions where =Si—OH groups
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predominate. As the pH of the solution becomes more basic,
the number of H atoms incorporated decreases, concomitant
with a decrease in the ratio =Si—OH/==Si—O0". There-
fore, the release of Al undeér basic pH conditions (Eqn. 5),
where ==Si—O" groups predominate, would not result in
the incorporation of H into silanel groups within the leached
structure.

From the above discussion, it now becomes apparent that
two processes are primarily responsible for the direct incor-
poration of H into the structure: ion exchange and the prefer-
ential release of Al In addition, the infiltration of water
molecules can also be considered to be a process which
leads to an increase in the H-content of the structure; this is
discussed further ‘on, On the other hand, H loss from the
structure can also occur, mainly via condensation reactions
of adjacent ==Si—OH groups. Starting with four adjacent
stlanol groups resulting from the preferential release of one
Al atom (right hand side of Eqn. 4b), a condensation reac-
tion can be schematically represented as follows:

N Y N V.
\Si\ /s/ \Si\ /Si/
%® - %P
K94 A +H0 (6
O YO /N
e . Si* si
Si Si P L
Vi ) N 74 3

Na and H profiles, which are not perfectly enticorrelated,

have been used as evidence for restructuring (repolymeriza-
tion) via condensation reactions. In a study of silicate glass
and mineral dissolution, Petit et al. (1990a) measured a sharp
decrease in H concentrations close to the surface, which was
not anticorrelated with the corresponding Na profile. They
attributed this mismatch in the profiles as possible evidence
for restructuring via condensation reactions (see Fig. 6, Petit
et al., 1990a). In the present:study, there is also a mismatch
between the Na and H profiles, particularly for the case at
acid pH (see Figs. 3 and 4a). However, at.acid pH, the H
profile does not-show any sudden drop close to the surface,
which might be expected if recondensation reactions were
important. The H profiles at neutral and basic pH also do
not show behavior that could be-ascribed to recondensation.
Nonetheless, as will be shown later on, H profiles corrected
for Na ion exchange provide -evidence for recondensation
reactions close to the surface that is not readily apparent in
the profiles representing overall H concentrations,

4.4, The pH-Dependency of Hydrogen Incorporation

According to the results from the present study, there is
a strong inverse relationship between the pH conditions of
dissolution and the amount of H incorporated into the struc-
ture (RNRA profiles in Fig. 3; ERDA spectra in Fig. 9; H/Na
ratios in Fig. 10). This type -of pH-dependency in feldspar
leached/H-enriched layers has also been observed in other
studies (see Casey et al., 1988, 1989a; Schweda and Sjoberg,
1997). These results are also consistent with results from
silicate glass dissolution studies cartied out at pH 1-12 by
Bunker et al. (1983). Of particular note in the present study,
as well as those cited above, is the fact that there is no
difference befween the H profiles of feldspars reacted at
basic pH and nonreacted, reference samples.

According to Petit and coworkers (Petit et al., 1989b,
1990b), the decrease in the amount and depth of H penetra-
tion with increasing pH refiects both a decrease in the proton
activity in solution (which serves to diminish ion exchange
and decrease the rate of H diffusion) and an increased degree
of network hydrolysis under basic pH conditions, such that
significant leached layers do not develop at basic pH condi-
tions. Based on dissolution studies of labradorite feldspars,
Casey et al. (1989a) attribute the lack of H peneiration at
basic pH to a dissolution process that proceeds via a different
mechanism from that at acid pH. They hypothesize that the
adsorption of hydroxyl ions at the surface does not proceed
via an exchange of alkalis, and therefore no leached layers
are formed. For this reason, they proposed a mechanism

-where the surface activated complex contains a framework

constituent (Al or 5i), as well as a charge-compensating
jon, such as Na or Ca (Casey et al., 1989a).

However, the question that should be raised is whether
the H profiles measured by various near-surface analytical
techniques are truly representative of measuring how much
H participates in the dissolution process. It seems much more
likely that the H signal is a measure of how much H infiltrates
the structure and is then subsequently incorporated by chemi-
cal bonding to the structure. This distinction is important in
that it implies that at basic pH, for instance, hydroxyls and
water molecules may participate during hydrolysis reactions
within a leached/H-enriched region, but they are not chemi-
cally incorporated into the leached structure. The XPS study
by Hellmann et al. (1990a) shows the presence of Ba** to
depths of 500 A when albite is dissolved in a Ba(OH),/
H,O solution at 225°C. The RBS spectra in the present study
show the possible enrichment of K to significant depths as
a consequence of dissolution in KOH/H,O solutions. The
possible incorporation of Ba is also shown by the RBS results
shown in Fig. 8. Nonetheless, evidence in the form of near-
surface profiles for all preferentially leached and infiltrating
species is needed. to confirm this point, however.

In the following paragraphs, we summarize several alter-
native explanations for the observed pH-dependency of H
incorporation, based on ion exchange and the preferential
release of Al from the structure.

The diffusion of H into the structure is dependent on the
H™* gradient between the solution and the structure. This
chemical gradient is, of course, dependent on the pH of the
solution, such that H* permeation will be most rapid and
pronounced at acid pH conditions (in accord with Petit et
al,, 1989b, 1990b).

The H* « Na™* exchange reaction predominates at acid
pH. At basic pH, there is possible evidence for a limited
degree of ion exchange between cations in the solution and
Na in the structure (see evidence-above). This ion exchange
is much less significant than the ion exchange that occurs at
acid pH conditions. One possible reason for this is that cation
exchange is hindered by the larger sizes of these cations in
comparison to H ions. This is probably the main reason why
the amount of H infiltration at acid pH conditions is far more
significant than K infiltration is at basic pH conditions, for
example (or with respect to any other positive cations pres-
ent).

The preferential release of Al from the structure and H
incorporation are related, due to the fact that the release of
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Al leads to the concomitant formation of silanol groups. As
shown in Eqn. 4b, for each Al removed, a maximum of 4
H are incorporated into silanol groups at acid pH, whereas
at basic pH, no H is incorporated (Eqn. 5). The degree of H
incorporation is dependent on the proportion of =Si—OH/
=8i--0" groups, which in turn, is a function of pH and
temperature.

As shown in Part I (and references therein), the depth
of Al leaching decreases as pH increases from acid to neutral
pH. In the neutral to basic pH range, Al leaching depths
are variable, The trend of decreasing H incorporation with
increasing pH in the acid to neutral pH range can, therefore,
be partly attributed to the concomitant decrease in the overall
degree of preferential Al release.

4.5. Hydrogen Associated with Aluminum Hydrolysis
and Leaching

The respective importance of protons, hydronium, ions,
hydroxyl ions, and molecular water during the dissolution
process is still not well understood. As stated by Casey et
al. (1988), the relation between H incorporation and cverall
dissolution rates is unclear. In this section, the H and Na
RNRA data are used to quantify the various sinks for H in
the leached/H-enriched structure. The first step is a calcula-
tion of how much H is involved with ion exchange and the
hydrolysis and preferential leaching of Al in the structure,

The starting point is a determination of the excess H that
is left over after the Na*-H* jon exchange process. For the
purposes of these mass balance calculations, the exchange
reaction is assumed to involve only H* and not H;O*, Ex-
cess H is simply a measure of H in the structure that is
chemically bonded or physically sorbed to sites not associ-
ated with Na exchange sites. Excess H is defined as

[H]exces = [Hlimeas = [NaJotoased )]
[Hexcess = [Hlmeas — ([NaTous — [Nalneas) (8)

The excess H can be used as a constraint on how much H
is involved in the hydrolysis of =8i—0—Al== bonds, as
well as that associated with chemically unbound H present
within the leached /H-enriched zone (such as free water mol-
ecules).

Figure 11 shows H excess profiles. The relative positions
of the acid, neutral, and basic pH curves is a fimction of
both the degree of Al preferential leaching, as well as the
speciation of =Si—OH groups within the leached/H-en-
riched zone. As an example, in comparing the excess H
present after dissolution at acid and neutral pH, the-differ-
ence in H concentrations reflects the greater degree of prefer-
ential release of Al at acid pH, as well as a higher ratio
of =8i-—~O0H/==8i—0~ groups in the leached/H-enriched
layer, The position of the excess H curve at basic pH most
likely reflects the predominance of ==Si—O~ groups in the
leached/H-enriched layer. It may, of course, also be due to
a lack of Al preferential leaching during the dissolution run;
Unfortunately, this cannot be verified due to the paucity
of solution data collected during the initial stages of the
experiment.

Perhaps the most interesting aspect of these results is the
sharp drop in the acid pH excess H curve near the immediate
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Fig. 11, Excess H incorporated as & function of pH. The excess
H is the amount of H that does not participate in ion exchange with
Na, therefore, it is a measure of H that is either incorporated in
==5i—OH and = Al—OH groups, or is present as a free H species
(e.g., water). The decrease in the H/Na ratic at depths <700 A at
acid pH may be indicative of recondensation reactions of =Si—OH
groups, resulting in the loss of H and O (see text for details).

surface (Fig. 11, depth <700 A)‘ As mentioned earlier (Ex-
perimental Methods), H measurements close to the surface
(depths <250 A} can be subject to large errors, and, there-
fore, the sharp drop may simply be an artifact. On the other
hand, if the trend is real, it may be indicative of a distinct
decrease in H associated with =S8i—OH sites in the
leached/H-enriched structure. One of the most likely reasons
for this is the condensation of adjacent ==Si-~OH groups,
which results in the loss of H and O from the structure
(schematically represented by Egn. 6). It is interesting to
speculate that the probability for condensation reactions to
occur may be a function of the density of adjacent
=8i—OH groups. Given that =Si—OH groups are more
prevalent at-acid pH, where the preferential release of Al is
more pronounced, then it is likely that restructuring of the
near-surface via condensation is favored to occur at acid pH
dissolution conditions.

Additional evidence for recondensation reactions is possi-
bly revealed by decreases in O in the leached/H-enriched
region, Depletion of O from the structure would be expected
as a consequence of condensation of =Si—OH groups and
the creation of free HO (Eqn. 6). A quantitative interpreta-
tion of the O concentrations in the RBS spectra in Figs, 6~
8 is not possible. However, a significant depletion in O
concentrations was observed by XPS of hydrothermally al-
tered albite by Hellmann et al. (1990a}. In a SIMS study
by Schweda and Sjsberg (1997), O/Si was measured in
labradorite altered under acid pH conditions, The O/8i de-
creased from 3.3 in the bulk structure to 2.0-2.5 in the
leached structure. This is also possible evidence for recon-
densation reactions,

4.6. Permeation of Molecular Water

In the previous section, the amount of incorporated H,
corrected for Na exchange, was calculated. This excess H
includes H bound to ==Si—OH groups, as well as unbound
H. The purpose of this section is to determine the amount
of unbound H present in the leached/H-enriched structure
(for dissolution under acid pH conditions). It can be as-
sumed, but not proven, that the majority of unbound H is in
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the form of physisorbed or H-bonded water, The relationship
below is used to define free H not chemically bonded to the
structure. The first term on the right defines [H] corrected
for ion exchange {see Eqns. 7, 8), and the second term on
the right is equal to [H] associated with silanol groups

[Hlpes = {Hloxcess = [H]msi—on (&)
Equation 9 can be decormposed and re-expressed as follows:

[Hliee = [Hlnews — [Nakoiiasea = 3[Allrvieases (10a)

[Hltee = [Hluces = [Nalrsensea = 2[NaTriencea (10b)

The second and third terms on the right-hand side of Eqn,
10a show that H incorporation into the H-enriched zone
occurs on a 1:1 basis with Na (ion exchange) and on a 3:1
basis with Al (hydrolysis and creation of silanol groups- see
Eqn. 4b), Equation 10b results from replacing the unknown
quantity [Al] by n[Na]. Note that the relative degree of Na
to Al preferential leaching is given by the value of n. If Na
and Al release are stoichiometric, n = 3. It follows that
< n < 3 for all intermediate cases where the moles of Al
leached are inferior to that of Na.

To illustrate the use of the approach described above, we
present a series of simple mass balance calculations, based
on the RNRA results at acid pH. Similar calculations at
neutral and basic pH were not carried out, mainly due to the
dramatically lower levels of H present in their respective H-
enriched regions. At a depth of 1100 A (data for acid pH
shown in Figs. 3 and 4b), for example, knowledge of [H]
and [NaTreesses permits the calculation of the excess H, based
on Eqns. 7 and 8 (concentrations X 102 atoms cm™):

[Hlmess — [Nakeieases = [Hlexcoss (11)
8.06 — 3.90 = 4.16

In the following calculation, use is made of the mass
balance approach given in Eqn. 10a,b. To calculate [H]g.,
[Hoxcess is decreased by [Na] that corresponds to an Al/Na
release ratio. of %. This nonstoichiometric release, which
was arbitrarily chosen, corresponds to # = 1 in Eqn. 10b.
Thus, we can write

[Hlfee = [Hlexcess = 15INaLreteasen (12a)
0.26 = 4,16 — 3.90

[H]free = [H]exoess - l/3[Al] (12b)

As can be seen by the result in Eqn. 12a,b, free H repre-
sents only 3% of the total H incorporated (0.26/8.06 for n
= 1). In the same manner as above (Eqn. 12a), greater
degrees of Al loss can be formulated in terms of # = 2 and
3..For n = 2, there would be no free H. The conclusion that
can be drawn from these results is that the concentration of
free H species (probably in the form of molecular water) is
probably negligible within the leached/H-enriched structure.
This same conclusion was reached by Schweda and Sjoberg
(1997), based ori measured O/Si ratios that were signifi-
cantly lower in acid leached vs. unaltered labradorites.
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Fig. 12. Hydrogen concentrations as a function of depth for disso-
lution at acid pH. The upper most curve shows [ Hlne. (as in Fig.
3). Subsequent curves show H concentrations corrected for Na ion
exchange, as well as increasing amounts of Al preferential ieaching,
dencted by values of # = 0 and 1, respectively (see text for details).
The lowest most curve shows that little if no free H species are
present within the leached/H-enriched zone.

Figure 12 shows the concentrations of free H after dissolu-
tion at pH 3.4 to a depth of 3500 A (the depth limit of the
RNRA data), based on the calculations shown above. Start-
ing from the top of the figure, the first curve represents the
concentration of raw H, as directly measured by RNRA; this
is the same curve as presented in Fig. 3. The second curve
represents excess H (i.e., [H] corrected only for ion ex-
change with Na and no leaching of Al; Eqns. 7, 8); this
curve is the same as the [Hleeess curve at acid pH in Fig.
11. The third curve represents the concentration of free H,
based on Al leaching that is quantitatively only one third
that of Na leaching (i.e., n = 1; Eqns. 10b, 12a,b). As can
be readily seen in the figure, the amount of free H is negligi-
ble under these conditions at depths > 1000 A. At depths
< 1000 A, there is an apparent H deficit, which is possibly
indicative of H loss due to recondensation reactions,

Based on the aqueous results presented in Part IT, it is
difficult to exactly estimate the relative degrees of Na and
Al leaching. Based on XPS profiles presented in Hellmann
et al. (1990a}, the degrees of Al and Na leaching are roughly
equivalent for dissolution at 225°C and pH 2.5 (similar re-
sults for Ca/Al are shown in Schweda and Sjcberg, 1997).
If it is assumed that the relative degrees of Na and Al prefer-
ential leaching are roughly equivalent for the conditions of
dissolution in the present study (i.e., » = 3), then the amount
of free H in the leached /H-enriched structure would be nega-
tive over the entire depth of analysis (curves for n-= 2, 3
not shown in Fig. 12). This discrepancy in overall free H
may point to an overall deficit in the predicted H uptake
throughout the leached/H-enriched zone, since the amount
of free H is negligible, even for the case when Al leaching
is just one third that of Na leaching (n = 1}. This is addi-
tional, albeit indirect evidence for recondensation teactions
occurring at even greater depths than previously discussed.

It is interesting to note that in two studies of glass dissolu-
tion (Dobos, 1971; Baucke, 1974), it was postulated that
protons diffuse ahead of free water into the structure, and
that only the very outermost part of the leached zone con-
tained free water. Infrared spectroscopy (IR) is often used
to detect and differentiate H species in reacted minerals and
glasses, although the information obtained is not depth-spe-
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cific. In an infrared spectroscopy study by Behrens (1994),
the spectra showed an absence of molecular water in natural
plagioclases. For the case of H feldspars (prepared by Na-
H ion exchange), this study showed that H is primarily
associated with hydroxyl groups suggesting that H species
react at bridging oxygen sites, thereby leading to the forma-~
tion of ==Si—OH and =AIl—OH groups. Casey et al.
(1988) present IR results based on a 10,000 A thick altered
layer created by alteration of labradorite at acid pH condi-
tions. By far the largest absorbance peak was at 3500 cm™';
this peak was assigned to bound hydroxyl groups (X—OH)
and hydrogen bonded water. Their results, however, di¢d not
allow for a quantitative interpretation of the IR spectra.

The strong nature of H bonds within a leached/H-enriched
glass structure was demonstrated by Petit et al. (1990a),
who showed that the degree of H loss from the H-ensiched
zone was negligible upon heating, even up to temperatures
of 400°C. This general nonmobility of H implies that H
measured by RNRA is chemically bound to the leached/H-
enriched structure. However, the results in the present study
concerning sample RC suggest that H diffusion towards the
surface over long periods of time may decrease incorporated
H jevels.

5. CONCLUSIONS

The main emphasis of the present study is a better under-
standing of the formation of leached layers at elevated tem-
peratures due to the preferential loss of Na and Al from the
albite structure. The formation of these leached layers is
related to the concomitant incorporation of H into the
leached layers. Below we summarize the main conclusions
regarding the pH-dependence of H incorporation and Na and
Al loss, as well as the incorporation of free H species (e.g.,
molecular water) into the leached/H-enriched structure.

The experimental results show that dissolution at elevated
temperatures (i.e., 300°C) and under acid to neutral pH con-
ditions results in the pervasive infiltration and incorporation
of H into the structure, resulting in a zone of H enrichment
that extends many thousands of A into the structure. This
extensive H enrichment is evidenced by experimentally mea-
sured H concentration plateaus at acid pH conditions that
extend to depths beyond the analytical limits of the RNRA
(>6000 A) and ERDA {>10,000 A) measurements in the
present study, Even though there is no experimental evi-
dence, it is assumed that these flat H concentration profiles
become sigmoidal at some unknown depth as the H concen-
trations tend toward zero. This type of behavior, character-
ized by a saturated H platean followed by a steep drop in
concentration (i.e., a diffusion front), has been observed in
naturally hydrated obsidian (Lee et al., 1974). This may
point to more than one H diffusion and/or binding mecha-
nism during the dissolution and hydration process (Lee et
al., 1974; Ericson et al., 1974). '

The Na RNRA profiles show that the loss of Na from the
structure is also very significant under acid and neutral pH
conditions of dissolution. The measured Na profiles are char-
acterized by extensive depletion plateaus that extend beyond
the range of the RNRA analyses (~4000 A). The qualitative
nature of the’RBS results only allows for a confirmation of
a leached zone at acid pH conditions, to depths of ~20,000

A. Supporting evidence suggests Na depletion occurs to sim-
ilar depths. It is important to note that the depths of Na
depletion determined from aqueous dissolution data (e.g.,
Part 1I) are significantly shallower than those determined
directly by the near-surface analytical techniques employed
in this study.

Under basic pH conditions, the measured H RNRA profile
is indistinguishable from that of the unreacted reference sam-
ple. The Na RNRA profile at basic pH reveals that Na deple-
tion is relatively insignificant, occurring to a depth of several
hundred A. It is noteworthy that the amount of Na loss is
roughly equivalent to the loss recorded at neutral pH at the

_ very near surface (depth <500 A). Minor Na™ loss at basic

pH ‘may be compensated by ion exchange with K*, when
dissolution occurs in a KOH/H,O solution. Possible evi-
dence for this is due to the presence of K in RBS spectra .
over the entire probed thickness (~10,000 A) in samples
run in KOH/H,0 solutions. However, the RBS data in this
study do not constitute direct evidence that ion exchange at
basic pH conditions takes place; only directly measured Na
and K depth profiles can prove or disprove this point. None-
theless, even if ion exchange at basic pH conditions occurs,
the K* < Na* ion exchange reaction, for example, would
be much more limited than the H* (or H,O*) & Na* ton
exchange reaction at acid pH. This argument is based on
size considerations of the aqueous cations that are potentially
exchanged with Na*; the greater the size, the less favorable
the exchange reaction.

The amount of H incorporation in the leached/H-enriched
structure is a strong function of the pH and temperature
conditions of dissolution. Likewise, the amount of Na loss
follows approximately the same trend as the H concentration
profiles: acid pH > neutral pH > basic pH; high T loss
2 low T loss. An important conclusion, therefore, is that the
composition of the leached/H-enriched layers is a function
of pH, and the depth is a function of temperature. One of
the most important reasons for this pH-dependency is due
to the ion exchange reaction between H* (or H;O') and
Na*. The rate of H* (or H;O*) and Na* ion-exchange is
a function of their respective concentration gradients which,
in turn, determine the rate of inward diffusion of H species
and the outward diffusion rate of Na ions. Hydrogen incorpo-
ration is alse a function of the speciation of =8i—OH
and == Al—OQH groups within the leached/H-enriched zone,
which are created as a result of Al preferential release. With
increasing pH, deprotonation reactions of =Si—OH and
==Al—OH groups serve to decrease the amount of H associ-
ated with these groups within the leached/H-enriched struc-
ture, Deprotonation reactions resulting in the formation of
=5i-~0" and =Al—O " groups may provide electrostatic
adsorption sites for positive aqueous cations, such as K*,
Directly measured depth profiles of all cations in the leached
zone would be a necessary prerequisite for proving this point,
however.

At basic pH conditions, the possibie presence of K and
Ba within leached zones is the basis for speculating that
aqueous species are able to penetrate the structure to depths
corresponding to that of preferential leaching (i.e., at least
several hundreds of A), For example, H in the form of OH~
ions, with or without the presence of H,O, most probably
permeates the leached zone, since OH™ is necessary in
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framework bond hydrolysis reactions at basic pH conditions
(Xiao and Lasaga, 1996 ) that result in the preferential leach-
ing of Al (only at very elevated basic pH conditions). Since
=8i—0 "~ and =Al—0O" groups predominate at basic pH
conditions, any H present during the hydrolysis reactions
will not remain chemically bound to the leached structure.
For this reason a thick H-enriched zone is not created at
basic pH conditions, This points out a very important but
subtle difference between H permeation and H retention; the
latter is what is actually measured by near-surface H sensi-
tive analytical techniques, such as RNRA and ERDA.

Even though the degree of H incorporation and Na reten-
tion are inversely related as a function of pH, the experimen-
tally measured H and Na concentrations are not perfectly
anticorrelated. There are several reasons for this, including
the fact that H species participate in more than just ion
exchange reactions, but also in framework bond hydrolysis
reactions. In addition, it is possible that H is lost from the
structure via recondensation reactions that occur in the outer-
most part of the leached zone (see acid pH results; Fig. 11).
The calculated overall H deficit may even point to pervasive
recondensation reactions within the leached/H-enriched
zone. .

The H to Na release ratios range between 0.7 and 2.3 at
acid and neutral pH. Since ion exchange reactions do not
exclusively determine this ratio, it is not possible to differen-
tiate between H* and H,O* in the overall dissolution pro-
cess. However, simple mass balance/charge equivalency cal-
culations, involving H incorporation, Na loss, and Al prefer-
ential leaching, show that very little if any free H species
(i.e., H;0) are retained in the leached/H-enriched structure
after dissolution under acid pH conditions. Even less free H
is bound to the structure after dissolution at neutral and basic
pH conditions. It is important to note, however, that these
conclusions on the lack of free water in the altered/H-en-
riched structure need to be verified by direct measurements,
such as by IR techniques.

The maximum concentration of H that can be incorporated
into the leached/H-enriched near-surface structure has a
probable maximum limit, on the order of ~1 X 10% atoms/
cm®. This result, based on alteration in acid pH solutions,
appears to hold for both albite and labradorite, at both low
and high temperatures. It is interesting to note that tempera-
ture doesn’t seem to influence the concentration of H close
to the surface (given long enough reaction time), rather it
influences the depth of permeation, This maximum attainable
concentration of H suggests that altered near-surface struc-
tures in feldspars have a definite crystallographic H-satura-
tion limit,

The influence of crystatlographic structure, such as twin
boundaries or cleavage planes, is a potentially important
factor in interpreting RNRA profiles, as well as the mecha-
nisms of dissolution. Since albite feldspars dissolve congru-
ently, enhanced diffusional transport along crystallographic
boundaries is probably not important. Nonetheless, direct
experimental evidence confirming this is stiil lacking. Defin-
itive experiments and measurements to. solve this question
should be an avenue of promising future research, In addition
to this, future experiments should also investigate whether
H penetration 4nd preferential leaching are the same in all
crystallographic directions.

A final comment should be made in regard to the suitabil-
ity of RNRA, ERDA, and RBS for near-surface measure-
ments of hydrothermally altered feldspars, The RNRA tech-
nique is probably still one of the most accurate and powerful
available for the determination of H and Na profiles. Its main
disadvantage is its high cost and time-consuming nature. On
the other hand, based on the results in this study, RBS is
not particularly suited for the quantitative measure of prefer-
ential leaching in feldspars. One of the main problems is the
overlap of the Al and Si edges, which makes the discrimina-
tion of these key elements very difficult when preferential
leaching is very deep. Finally, the grazing nature of ERDA
ion beam interactions with sample surfaces limits this tech-
nigque to perfectly flat sample surfaces. Rugose surfaces, as
was the case in this study, do not lend themselves to quantita-
tive H measurement, Future stdies of this kind may well
warrant study with other ion beam techniques, such as SIMS.
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