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Abstract. Secondary ion mass spectrometry (SIMS) 
is the mass spectrometry of atomic species which are 
emitted when a solid surface is bombarded by an 
energetic primary ion beam. By continually bombard- 
ing the surface of the sample with the ion beam, the 
atoms making up the material being studied are sput- 
tered away. The secondary ions emitted from the sur- 
face are continually analyzed and their intensities re- 
corded over time. The secondary ion intensities are 
proportional to the concentration of elements in the 
sample, thereby producing a semiquantitative concen- 
tration depth profile. The depth profile provides an 
illustration of the chemical composition of a sample as 
a function of depth through the surface. The SIMS 
technique has been applied to a wide variety of surface 
analytical problems and can easily be used to analyze 
reacted glass and mineral surfaces which have been 

exposed to weathering solutions. Traditional experi- 
mental studies of chemical weathering were based 
primarily on the analyses of aqueous solutions gener- 
ated during leaching experiments. Such studies have 
provided valuable information concerning rates and 
stoichiometry of mineral dissolution reactions but 

have led to some confusion and much speculation 
regarding the mechanisms of surface processes. SIMS 
analyses of the surfaces of dissolving glasses and pla- 
gioclase feldspars have recently been used to help 
resolve a number of unanswered questions. For exam- 
ple, SIMS analyses of dissolving feldspars have shown 
how the chemical composition of reacted surfaces and 
depth of attack vary, depending on the composition of 
the mineral, the p H of the leaching solution, and the 
presence of dissolved salts and complex-forming or- 
ganic ligands. 

1. INTRODUCTION: SIMS, CHEMICAL 

WEATHERING, AND SOILS 

1.1. SIMS 

Secondary ion mass spectrometry (SIMS) is the 
mass spectrometry of atomic species which are emit- 
ted when a solid surface is bombarded by an energetic 

primary ion beam [Vickerman, 1987]. Continually 

bombarding the surface of the sample with the primary 
ion beam is a process known as "sputtering." Most of 
the particles which are sputtered away are uncharged, 
but a small fraction consists of atomic or molecular 

ions. Either the positive or negative "secondary" ions 
ejected from the sample are separated according to 
their mass/charge ratio and analyzed in a mass spec- 
trometer. Thus the atoms making up the material being 
studied are continually ejected and analyzed, with 
secondary ion intensities recorded as a function of 

time. The secondary ion intensities are proportional to 
the concentration of elements in the sample, thereby 
producing a semiquantitative concentration depth pro- 
file. 

The depth profile reveals the chemical composition 
of a sample as a function of depth through the surface. 

For example, consider a typical SIMS depth profile of 

fresh (unweathered) labradorite (An54) feldspar with 

the following bulk composition (wt %): SiO2, 55.3 ! -+ 
0.21; A120 3, 28.84 _ 0.20; CaO, 10.95 +- 0.10; Na20, 
4.72 +_ 0.07; K20, 0.19 +_ 0.02. Shown on the ordinate 

in Figure l a is the logarithm of secondary ion inten- 

sity, which is proportional to the atomic concentration 

of elements in the sample. The most intense signals are 

27A1 and 28Si, followed by 4øCa and 23Na, reflecting 
their abundance in the feldspar. The 39K and 88Sr 
signals are less intense, reflecting their lower abun- 

dance in the mineral (i.e., trace elements). Shown on 

the abscissa is the sputtering time in seconds. Mea- 

surements of crater depth as a function of sputter time 

have shown that the primary ion beam penetrates 

labradorite at a rate of approximately 1-2 ]t/s. Thus 
the SIMS depth profile of the fresh labradorite shows 
that the concentrations of A1, Si, Ca, and Sr do not 

change significantly from the surface of the mineral 

over the distance profiled (approximately 500-1000 
A). 

The SIMS depth profile of the same labradorRe 
leached in HC1 at p H 4 reveals a significantly different 

picture. The intensities of AI, Ca, and Sr are signifi- 
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Figure 1. (a) SIMS depth profile of fresh labradoritc feldspar 

(An54). Notice that the secondary ion intensities of AI, Si, 
Ca, and Sr do not vary significantly with sputtering time. The 

intensities of 23Na and 39K are higher at the surface of the 
mineral than in the interior. This feature is unique to SIMS 

depth profiles of Na and K and does not accurately reflect 

the true metal concentration profiles. Instead, both profiles 

are affected by the charge-induced migration of Na + and K + 

in response to the negative primary beam [Streit et al., 1986]. 

(b) SIMS depth profile of labradoritc leached at pH 4.0 in 

10 -4 M HC1 for 72 days at room temperature. The intensities 
of AI and Ca are significantly lower at the beginning of the 

profile than they are after 500 s. (c) Percent change in AI/Si 

of labradoritc (An54) leached for 72 days in HCI. Four spots 

on the surface of the sample were depth profiled. (d) Same 

as Figure 1 c except for Ca/Si. 

cantly lower at the surface of the mineral than in the 

interior (Figure 1 b). For example, the 27A1 ion inten- 
sities at the surface of the feldspar (5 x 103 counts per 
second) are 1 order of magnitude lower than the inten- 

sities at 1000 s (5 x 104 counts per second). The 
relative change in 4øCa ion intensity from surface to 
the bulk specimen is even greater. Notice that the 

intensities of 28Si are either unchanged or perhaps 
slightly higher at the surface of the mineral in compar- 
ison to the interior. 

In order to emphasize the changes in relative abun- 
dance with depth through the samples, the ratios AI/Si 
and CaJSi may be normalized to bulk values (unaltered 

zone of the leached mineral) and then to control spec- 

imens (no leaching). These ratios show the percent 

change in AI/Si and Ca/Si of the reacted feldspar with 

depth (Figures l c and l d). Aluminum and Ca are 

clearly depleted relative to Si, from the surface of the 

mineral toward the interior. The SIMS depth profiles, 

therefore, provide direct evidence that an AI- and 

Ca-depleted layer approximately $00-1000 f• thick has 
formed on the surface of the dissolving feldspar. 

The formation of such cation-depleted leached lay- 

ers on the surface of feldspars dissolving in HCI was 

first predicted by Correns and colleagues [Correns and 

von Engelhardt, 1938a, b; Correns, 1940] more than 

50 years ago. However, the possible existence of such 

layers could not be confirmed and remained contro- 

versial for a long time (see Petrovic et al. [1976], 

Holdten and Berner [1979], Aagaard and Helgeson 

[1982], Helgeson et al. [1984], Tole e! al. [1986], Muir 

et al. [1989], Mogk [1990], and Schweda [1990] for 

reviews). A number of investigators used SIMS depth 

profiling to identify significant hydrated, cation-de- 
pleted layers on the surface of dissolving glasses (see 

the reviews by Gossink [1980] and Lodding et al. 

[1985]). Once the value of the SIMS for depth-profiling 

dissolving glasses was realized, it was successfully 

applied to aluminosilicate weathering. In the last few 
years, direct evidence for the formation of leached 

layers on the surface of dissolving feldspars has been 
obtained, to a large extent as a result of using SIMS. 

The value of SIMS analyses for helping to understand 

chemical weathering as it takes place at the solid-water 
interface is now well established. 

The SIMS has found a variety of applications in the 
Earth sciences [Shimizu and Hart, 1982; Reed, 1984; 

Havette, 1985; Metson et al., 1985; Williams, 1985]. 

Silicates, carbonates, sulphides, biominerals, and bio- 

logical materials have all been analyzed for major and 

trace elements from H to U, including the platinum 

group elements and rare earth metals (Table 1). The 

emphasis of this review is on the use of SIMS to study 

processes taking place at the surface of dissolving 
glasses and minerals. 

The purpose of this review is threefold: to outline 

some of the outstanding problems in chemical weath- 
ering, including an introduction to their historical de- 

velopment; to explain the SIMS technique and com- 

pare it with other methods of surface analyses; and to 

show how the SIMS may be used to help answer some 
of the unresolved questions concerning chemical 

weathering in soils and sediments. 

1.2. Chemical Weathering of Minerals in Soils 
The long-standing interest in the rates and mecha- 

nisms of mineral dissolution in soils is rooted in the 

need to understand the development and maintenance 

of soil fertility. For example, the classic textbooks on 

agriculture from the eighteenth and nineteenth centu- 

ries by Home [1762], Davy [1815], Liebig [1843], 
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TABLE 1. Some Recent Applications of SIMS in Earth Sciences 

Material Application Reference 

Silicates REE 

major, trace, REE 
REE, Th, U 
Ni 

H 

oxygen isotopes 

(Fluid inclusions) Na, K, Ca 
Carbonates Fe, Mg, Mn, Sr 
Sulphides Au and Pt 

Ag, Cu, Ni, Zn 
Ag and Au 
sulphur isotopes 

Biominerals 

Biological materials 

Crozaz and Zinner [1986] 
MacRae [1987] 
Muir et al. [1987] 
Bottazzi et al. [1991] 
Vanucci et al. [ 1991] 
Bottazzi et al. [1992] 
MacRae et al. [1993] 
Yurimoto et al. [1989b] 

Gijbels [1987] 
Yurimoto et al. [199!] 

Herrig and Williams [1988] 
Yurimoto et al. [1989a] 
Lorin et al. [1990] 
Hervig [1992] 
Hervig et al. [1992] 
Lorin [1992] 
Diamond et al. [1990] 
Swart [1990] 
Lindsay and Sellschop [1988] 
Vandentop et al. [1989] 
Chryssoulis [1990] 
Mcfarlane and Shimizu [1991] 
Arehart et al. [1993] 
Lodding et al. [1990] 
Linton and Goldsmith [1992] 

Ripoli et al. [1992] 

REE denotes rare earth element. 

Johnston [1847], Dana [1858], and Thaer [!860], all 

discuss the chemistry of soil mineral weathering. In 

addition to the importance of chemical weathering to 

plant nutrition, we now realize that chemical weather- 
ing regulates the chemical composition of natural wa- 

ters [Stumm and Morgan, 1981; Berner and Berner, 
1987; Drever, 1988] and provides the long-term acid- 

neutralizing capacity of soils [Sverdrup, 1990]. Al- 
though pedology and geology continue to drive re- 
search efforts, much of the interest in chemical 

weathering today is stimulated by two global environ- 
mental problems: the desire to understand the effect of 
acid rain on soils, natural waters, and building mate- 

rials [Drever, 1985; Colman and Dethier, 1986; Kit- 

trick, 1986], and the need to predict the long-term fate 
of vitrified nuclear waste [e.g., Brookins, 1984]. 

Chemical weathering is the alteration process which 
rocks and minerals undergo as they approach chemical 
equilibrium with their surroundings [Merrill, 1921; 
Chesworth, 1992]. Under the conditions of their for- 

mation, all minerals are thermodynamically stable in 
relation to their reactants. For example, igneous min- 
erals are stable under conditions of high pressure and 

temperature. At the surface of the Earth these primary 
minerals are thermodynamically unstable and so they 
decompose, releasing solutes and producing second- 
ary minerals which are more stable under these new 
conditions. 

Mineralogical transformations. The "stability se- 
ries of mineral weathering" proposed by Goldich 

[ !938] summarizes the sequence of relative stability of 

primary minerals in soils. For mafic rocks the series is 
o!ivine < augite < hornblende < biotite and for felsic 

rocks the series is calcic plagioclase < alkali plagio- 
clase < K feldspar < muscovite < quartz. When a 
granite gneiss weathers, for example, the essential 
minerals of the fresh rock (oligoclase, orthoclase, mi- 

crocline, quartz, biotite, and hornblende) are altered at 

different rates: plagioclase and hornblende are the 

least stable primary minerals, biotite, microcline, and 

orthoclase are moderately stable, and quartz and zir- 
con are the most stable; the residual clays are com- 

posed chiefly of kaolinite [Goldich, 1938]. 
An example of a weathering profile developed on 

granite is shown in Figure 2. In comparison to the 

composition of fresh rock, oligoclase and biotite have 
completely disappeared from the upper layers of the 
s0il profile, and microcline and quartz have declined 
significantly. In contrast, kaolinite becomes increas- 
ingly important toward the top of the profile. The 
thickness of such a weathering profile and the extent of 

alteration depend on factors such as temperature, rate 
of water movement, p H, oxidation potential, the reac- 
tive surface area of the reacting particles, and the 

specific nature of the mineral being altered [Jackson et 
al., 1948; Loughnan, !969; Carroll, •970]. 

Chemical transformations. The minera!ogical 

changes which take place during weathering result in 
the losses of alkali and alkaline earth metal cations and 

silica and the accumulation of A! and Fe oxides and 
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Figure 2. Soil profile and underlying saprolite derived from 

the weathering of Stone Mountain granite, Georgia [from 

Grant, 1963]. The friable, white saprolite is dominated by 

kaolinite, quartz, muscovite, and microcline; plagioclase and 

biotite have disappeared. When the base of the soil B hori- 

zon is encountered, the original rock texture is replaced by a 

soil texture, with an increase in bulk density and the appear- 

ance of iron staining. (Reprinted with permission.) 

sponding rates measured in the lab [e.g., Paces, 1973, 
1983; Velbel, 1985, 1986, 1989]. Are field and labora- 

tory mineral weathering rates comparable [Brantley, 
1992; Casey et al., 1993]? 

First, the reacting surface area (i.e., the surface 

area actually in contact with the weathering solution) 

in natural soils may be much less than the total mineral 

surface area available for reaction [Drever and Swo- 

boda-Colberg, 1989; Swoboda-Colberg and Drever, 

1992]. In stirred reactors, for example, the entire min- 
eral surface area is available for reaction. In a soil the 

reactive surface area is probably a very small percent- 

age of the total surface area, depending on the soil 
texture, pore size distribution, and rate of water move- 

ment [Swoboda-Colberg and Drever, 1993; Velbel, 

1993]. Second, in soils of the temperate zone, average 
annual temperatures are low enough to account for 

differences in rates of dissolution of up to 5 times 

[Velbel, 1990]. Third, batch techniques which include 

stirring or shaking may give artificially high weathering 
rates, probably due to mechanical abrasion [van Grins- 

ven and van Riemsdijk, 1992]. Finally, lab experiments 
typically omit the wetting and drying cycles character- 

istic of soil profiles [Inskeep et al., 1993]. 

In addition to physical differences between leaching 

conditions in the lab and the field, there are usually 

hydroxides [Polynov, 1937; Bear, 1964]. Goldich 

[1938], for example, noticed that the rate of loss of 

cations relative to AI from the Morton gneiss de- 

creased in the order Na > Ca > Mg > K > Si. In fresh, 

young soils the sum of the concentrations of N a, K, 

Mg, and Ca are high in relation to that of AI or Fe, 

whereas highly weathered tropical soils consist essen- 

tially of AI20 3 and Fe20 3 (Figure 3). The degree of loss 
of alkali and alkaline earth cations relative to AI or Fe 

may be used to calculate a quantitative index of weath- 

ering intensity [Jackson and Sherman, 1953; Ruxton, 

1968;Parker, 1970; Nesbitt and Young, 1.982; Harnois, 

1988]. Of particular interest today is the rate at which the 

mineralogical and chemical transformations take place. 

Weathering rates. Rates of mineral dissolution in 
weathering profiles may be calculated from the chem- 

ical composition of natural waters [Johnson et al., 

1968; Katz et al., 1985; Stauffer and Wittchen, 1991], 

from the mineralogical and chemical composition of 

soil profiles [April et al., 1.986; Kirkwood and Nesbitt, 
1991], or from experimental studies of the rate of 

dissolution of whole soils [Brown and Lund, 1991]. 

The book by Sverdrup [1990] provides an excellent 
introduction to the kinetics of mineral dissolution in 

soils and summarizes most of the recent literature. 

Rates of mineral dissolution in the laboratory are usu- 
ally calculated from the measured concentrations of 

dissolved constituents in the output solutions of con- 
tinuously stirred, flow-through reactors [Rimstidt and 
Dove, 1986]. Mineral dissolution rates measured in the 

field may be 10-1000 times slower than the corre- 
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Figure 3. The depletion of alkali and alkaline earth metals 
relative to A1 (or Fe, or Si) increases with increasing weath- 

ering intensity. Ratios such as these have been used in a 

variety of ways to produce chemical indices of weathering 

intensity. (After Jenny [1941].) 
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significant chemical differences between the two envi- 

ronments. For example, the compositions of the leach- 

ing solutions used in lab studies are simple, often 

consisting only of HCI. Natural soil solution composi- 
tions are much more complex. Consider the distribu- 

tion of cationic charge in forest soil solutions, for 

example. Even at pH 4, H + may account for less than 
20% of the total cationic charge (Figure 4). The pres- 
ence of other cations, especially A13+ and its hydroly- 
sis products, may significantly reduce dissolution rates 

[Chou and Wollast, 1984; Casey et al., 1988; Drever 

and Swoboda-Colberg, 1989; Swoboda-Colberg and 
Drever, 1992]. Also, the anionic charge in forest soil 

solutions may be completely dominated by organic 
ligands which may accelerate or retard rates of disso- 

lution, depending on their size and charge [Stumm et 
al., 1987]. However, the possible effects of dissolved 
cations and organic anions on rates and mechanisms of 
mineral dissolution are not well known. 

In section 2 of the paper an introduction is provided 
to some chemical factors affecting the rates and mech- 

anisms of silicate mineral dissolution, including the 
effect of dissolved salts and complex-forming organic 

ligands. Until recently, such studies and their interpre- 
tation were based primarily upon chemical analyses of 

the leaching solutions before and after reacting with a 
solid phase, with inferences then made about surface 

reactions. Today, however, we are able to study dis- 

solution and precipitation processes directly as they 
take place at the solid-solution interface [Hochella and 
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Figure 4. Cationic charge balance in a Cryptopodzolic forest 
soil solution at Copera in Canton Ticino, Switzerland. Even 
at pH 3.8, H + accounts for only 20% of the total cationic 
charge. 

z u 

Figure 5. Brongniart' s [ 1841 ] apparatus for the electrolysis of 

dissolving K feldspar. Finely ground feldspar was placed in 

the tube, with a strip of copper in one arm and a strip of zinc 

in the other. The metal strips were connected by a wire. 

After 15 days the liquid on the zinc side was still opaque 

whereas that on the copper side had settled and was quite 

clear. The experiment was continued for 2 years. By this 

time the zinc electrode was heavily coated with a residue of 

leached feldspar. The copper electrode remained clean and 

the copper arm contained a strong solution of alkaline po- 

tassium carbonate. (From Cushman and Hubbard [ 1907].) 

White, 1990]. SIMS is a powerful analytical technique 

for studying this region. In section 3 the principles of 

the SIMS method are described, and a comparison is 
made with other methods of surface analysis. In sec- 

tion 4, examples are given of successful SIMS appli- 

cations to selected problems in chemical weathering. 

2. LABORATORY STUDIES OF MINERAL 

DISSOLUTION 

The traditional approach to quantifying mineral dis- 

solution rates and identifying reaction mechanisms is 

based upon the chemical analyses of aqueous solutions 

before and after reaction with a solid phase. Brongn- 
iart [1841] showed that during electrolysis potassium 

feldspar dissolves incongruently in water, with K + 
becoming separated from the negatively charged, re- 

sidual colloid (Figure 5). This process was first quan- 

tified by Daubrde [ 1879] when he found that K feldspar 
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dissolving in distilled water released to solution 10 
times as much K as either A1 or Si. 

2.1. The "Amorphous Precipitate Hypothesis" 
The first systematic studies of rates of feldspar 

dissolution in closed systems were presented in a se- 
ries of papers by Cushman [Cushman, 1905a, b, 
1907; Cushman and Hubbard, 1907, 1908]. These 

studies included a range of feldspar compositions and 
showed that the rate of dissolution was highly depen- 

dent upon their composition and particle size (reactive 
surface area). In closed systems the dissolution rates 

were relatively rapid initially, but soon the minerals 

were found to stop dissolving altogether. This led to 
the suggestion that the rate of dissolution of feldspar in 
water was controlled by protective coatings formed by 
amorphous solids on the surface of the mineral; these 
coatings formed by precipitation from saturated solu- 
tions in closed systems and were seen under the mi- 

croscope [Cushman, 1905a]. Under the condition of 
the experiments the removal of insoluble decomposi- 
tion products was controlling the rates of dissolution 
of the feldspars. If the reacted feldspar with its pro- 
tective surface layer was dried and reground, the rate 

of dissolution was again relatively fast initially because 
of the regeneration of reactive surfaces. 

The formation of such precipitates on dissolving 
feldspars leaching in closed systems containing satu- 
rated solutions eventually became known as the 

"amorphous precipitation hypothesis" (see the review 
by Mogk [1990]). In closed systems the formation of 
protective coatings was believed to control the rate of 
feldspar dissolution. In a series of similar experiments 
using closed systems, Busenberg and Clemency [1976] 
and Busenberg [1978] reported the mineralogical com- 

position of such precipitated phases for a range of 
feldspar compositions. 

2.2. The "Leached Layer Hypothesis" 
The first systematic studies of feldspar dissolution 

in open systems were published by Correns and co- 
workers [Correns and yon Engelhardt, 1938a, b; von 

EngeIhardt, 1939; Correns, 1940; Correns, 1962a, b]. 
Using flow-through reactors, they found that the rela- 
tive proportion of A1 and Si which is released from 
dissolving alkali feldspar depended upon the p H of the 
reacting solution. At p H 3, for example, K feldspar 
lost more than 4 times as much A1 as Si. In contrast, at 

pH 6.6 the mineral lost slightly more Si than A1 [von 
Engelhardt, 1939]. 

On the basis of the chemical composition and molar 
volume of the unreacted mineral and the chemical 

composition of the output solutions, Correns and von 
Engelhardt [1938b] concluded that cation- and A1- 

depleted, residual, amorphous leached layers were 
forming on the surface of the dissolving feldspar. They 

suggested that the ratio of A1 to Si in the residual 
surface layer depended upon the solution p H, with 

increasingly siliceous layers favored in more acidic 
solutions. Assuming that dissolution was uniform over 
the surface of the mineral, leached layer thicknesses of 

up to 2000 • were calculated. This theory eventually 
became known as the "leached layer hypothesis." At 
the time there were no surface-sensitive analytical 

instruments for testing this theory. More recent solu- 
tion chemical studies by Chou and Wollast [1984, 

1985], Holdren and Speyer [1985], Wollast and Chou 
[1985], and Schweda [1989] also predicted cation- and 

Al-depleted leached layers on the surface of feldspars 
dissolving in open systems using acidic solutions. Un- 
til recently, however, there was no direct evidence to 
confirm the formation of such layers. 

The leached layer hypothesis of Correns did not in 

any way contradict the amorphous precipitate hypoth- 
esis of Cushman: Cushman's studies were performed 

in closed systems in which the primary minerals dis- 

solved, the products of dissolution were allowed to 
accumulate, and secondary phases precipitated. The 

studies by Correns were performed in open systems in 
which aqueous reaction products were continually re- 
moved from the reaction vessel, making it impossible 

for secondary phases to precipitate. 
Studies of naturally weathered feldspars using the 

scanning electron microscope (SEM) showed clearly 
that feldspar dissolution is nonuniform, resulting in 
deep, extensively developed etch pits [Wilson, 1975; 
Berner and Holdren, 1977, !979]. In order to calculate 

the thicknesses of his proposed cation- and Al-de- 
pieted leached layers, however, Correns had assumed 
that the feldspars dissolved uniformly to produce a 
leached layer laterally constant in thickness around 

the surface of each grain [Berner et al., 1985]. Thus the 

discovery of etch pits on the surface of naturally 
weathered feldspars appeared to constrain the 
"leached layer hypothesis" as proposed by Correns to 

explain the experimental studies of feldspar dissolu- 
tion. Furthermore, studies using X ray photoelectron 

spectroscopy (XPS) and Auger spectroscopy failed to 
detect any significant (greater than 100 •) leached 
layers either on naturally or experimentally weathered 
feldspars [Petrovic et al., 1976; Berner and Holdren, 
1977, 1979; Holdren and Berner, 1979; Fleer, 1982; 

Fung and Sanipelli, 1982; Hochella et ah, 1988]. 
Mainly on the basis of the lack of direct evidence of 
significant leached layers on the surface of dissolving 
aluminosilicates, the leached layer hypothesis was 

largely discredited. 

2.3. Effect of Dissolved Salts 

Beyer [1871] found that salts of NH4 and Na in- 
creased the release of K from alkali feldspar by a 

factor of about 3, in comparison to distilled water. 
Cushman and Hubbard [1907] and Andrd [1913] re- 

ported similar results. Andersson and Lindqvist [1956] 
found that the dissolution rate of microcline in 0.1 M 

salt solutions at p H 6 decreased in the order LiC1 > 
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water > NaC1 > KC1 > CsC1, with the rates of disso- 

lution in a given salt solution decreasing with increas- 

ing salt concentration. The results of the experiments 
were interpreted in terms of the selective adsorption of 
cations on the dissolving mineral surface. Nash and 

Marshall [1956a, b] performed similar experimental 
studies. 

More recently, Sj6berg [1989] examined the effects 
of salt solutions on the rate of dissolution of labra- 

dorite over a wide p H range at temperatures up to 
70øC. In HC1 solutions containing no significant con- 
centrations of cations other than H +, A1 was released 
preferentially over Si, consistent with the formation of 

residual leached layers. Although no direct analyses of 
the reacted surfaces were made, the calculated thick- 

nesses of the leached layers predicted to have formed 
were 100 • at p H 4, 1000 • at p H 3, and 4000 • at pH 
2. Adding KC1 (0.!, 0.01, or 0.001 M) significantly 
reduced the dissolution rates. 

2.4. Effect of Complex-Forming Organic Acids 
The first observations of siliceous layers on the 

surfaces of silicates dissolving in solutions containing 
organic acids were published by Monier [1877]. He 
leached 500 cm • of sodium silicate in a 1-L solution 

containing 75 g of oxalic acid and described the growth 
of siliceous layers which achieved a thickness of 7-8 

mm after 48 hours. These and other pioneering studies 
were summarized in an exhaustive review of early 

work published by Julien [1879]. With respect to 

acidic, organic-rich forest soils such as podzols, soil 
scientists have long been in favor of an important role 
for organic acids in mineral weathering and soil profile 
development [McKeague et al., 1986; Robert and Ber- 
thelin, 1986; Tan, 1986]. This theory is indirectly sup- 
ported by studies which have shown that a large pro- 
portion of the dissolved A1 in forest soil solutions is 

organically bound [Driscoll et al., 1985; Litaor, 1987; 

Manley et al., 1987] and can help explain the high 
concentrations of total dissolved A1 (up to 5 rag/L) in 
such solutions [Antweiler and Drever, 1983]. How- 

ever, a number of unanswered questions remain. First, 

do organic acids promote or inhibit the rates of mineral 
dissolution? It has been suggested that simple, low- 
molecular weight organic acids tend to promote min- 
eral dissolution while complex, large-molecular 

weight humic materials inhibit this process (see be- 
low), but there have been few systematic studies. 
Since very few data have been published regarding the 
concentrations of individual organic acids in forest soil 

solutions, it is difficult to design realistic experiments. 
Second, the relative importance of organic acids as 
proton donors versus their role as ligands or reduc- 

tants is unclear [Manley and Evans, 1986; McColl and 
Pohlman, 1986; Pohlman and McColl, 1986, 1988]. 

Individual, low-molecular weight organic acids in 
forest soil solutions are thought to be present at con- 
centrations of the order of 10 -5 to 10 -4 M [Vedy and 

Bruckert, 1982], but there have been few measure- 

ments. In a forest soil solution, Hue et ah [1986] 

measured a total of 480 i•mol/L of organic acids, in- 
cluding succinic, malic, lactic, malonic, citric, and 
oxalic (282, 117, 52, 20, 5, and 4 i•mol/L, respectively). 
In experimental lab studies of mineral dissolution, 

however, !igand concentrations as high as 0.1 M have 
been used [Schalscha et al., 1967]. Chin and Mills 
[1991] showed that millimolar concentrations of 

oxalic, malonic, and salicylic acids promoted the rate 
of kaolinite dissolution in comparison to solutions at 
the same p H without organic ligands. Welch and Ull- 
man [!992, 1993] also used millimolar concentrations 

and reported similar results for plagioclase feldspar 
dissolution. However, even millimolar concentrations 

may be 10-100 times higher than the organic acid 
concentrations present in soil solutions and other nat- 
ural waters. 

The effect of simple organic acids versus more com- 
plex organic ligands on the rates and mechanisms of 

silicate dissolution has not been extensively investi- 

gated. In contrast, the effect of organic ligands on the 
rates of dissolution of oxide and hydroxide minerals is 
now reasonably well documented [Furrer and $tumm, 

1986; $tumm et al., 1985; Schindler and $tumm, !987; 

$tumm and Furrer, 1987]. The mechanistic interpreta- 
tion of aluminosilicate dissolution is more complicated 
than that of oxides and hydroxides, but, as a first 

approximation, the concepts developed for oxide and 

hydroxide surfaces may be extended and applied to 
the kinetics and mechanisms of weathering reactions 
of silicates [Stumm et al., !987; $tumm and Wollast, 

1990]. The rate constants for the dissolution of A120 •, 
for example, in the presence of aliphatic organic acids 
decrease in the order oxalic > ma!onic > su½cinic, 

which form five-, six-, and seven-member chelate 

rings, respectively [Stumm et al., 1985; Furrer and 
$tumm, 1986]. For aromatic ligands the rate constant 
for salicylic acid, which forms a six-member ring, was 

4 times that of phthalate, which forms a seven-member 

ring. These ligands form surface complexes by ligand 

exchange with surface hydroxyl groups, bringing neg- 
ative charge into the coordination sphere of the sur- 

face A1 species. This polarizes the critical Al-oxygen 
bonds, thus facilitating the detachment of A1 from the 

surface. The surface-binding step (adsorption) is fast, 

followed by a slow detachment step in which the 
complexed metal ion is transferred to the solution. 

Five-member chelate rings are the most detachable, 

followed by six- and seven-member rings. For com- 

parison, using millimolar concentrations of organic 
acids, the rate of dissolution of kao!inite decreases in 

the order oxalate > malonate > salicylate > phthalate 

[Chin and Mills, 1991]; this is the same order as given 

above for A120•. 
Unlike the low-molecular weight organic acids, 

higher-molecular weight degradation products of biota 

such as humic and fu!vic acids are expected to become 
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Figure 6, The progress of the collision 

cascade in a solid surface, resulting in 
secondary ion emission. 

strongly adsorbed upon silicate surfaces and inhibit 
mineral dissolution [Stumm et al., 1987]. Experimental 
studies of Fe oxide dissolution with aqueous extracts 

of chestnut (Castanea satira) leaf litter have shown 

that this chemically complex, organic-rich "tea" forms 
protective coatings on the mineral surface and inhibits 
the release of Fe [Blaser, 1974; Blaser et al., 1981]. At 

pH 4.5, pyrocatechol violet is effectively adsorbed by 
a!bite and oligoclase and decreases their rates of disso- 

lution [Schenk et al., 1989]. Experimental studies of 
kaolinitc weathering have shown that humic acid 

creases dissolution rates in comparison to solutions at 
the same pH without humic acid [Chin and Mills, 1991]. 

The effects of salts and organic ligands on the chem- 
ical composition of dissolving glass and mineral sur- 

faces may be studied directly using SIMS. 

3. SURFACE ANALYSES USING SIMS 

31. Introduction 

To analyze the surface of a mineral and study pro- 
cesses such as leaching occurring at such surfaces, it is 
necessary to utilize methods which can directly exam- 
ine a zone a few atomic layers in depth. In addition to 
surface sensitivity, such methods should have reason- 

able absolute sensitivity for a wide range of elements 
and allow the analysis of composition as a function of 
depth normal to the mineral surface. Secondary ion 

mass spectrometry (SIMS), in its simplest form, is 
based on the erosion or "sputtering" of a surface by a 
primary ion beam and the subsequent collection and 

analysis of the secondary ions produced. SIMS fulfils 
most of the above criteria and is thus an extremely 

powerful tool in weathering/surface exchange studies. 
The acronym SIMS embraces a family of related tech- 

niques and instrument configurations, of which only 

some are relevant to this type of work. The attributes 
of these methods and their limitations in geochemical 
analysis are discussed below. A detailed review of 

SIMS in general can be found in the work by Benning- 
hoven et al. [1987]. 

3.2. The SIMS Method and Selection of 

Instrumentation 

When an incident ion beam of energy between 5 and 
30 kV impacts on the surface of a solid, a "collision 

cascade" is initiated, in which the incident energy is 

dissipated through a number of collision partners in 
the solid [Williams, !979]. During the course of this 

"cascade" the primary ion is typically implanted into 
the surface, and secondary particles are dislodged and 
may subsequently escape the surface (Figure 6). A 

small proportion, perhaps only 1%, of this "sputtering 
yield" is ionized and can be extracted directly into a 

mass spectrometer for analysis. Thus in the simplest 
form of SIMS the user observes a mass spectrum of 
secondary ions ejected from the sample surface. These 
ions reflect the composition of the surface, although it 

is important to note they are not directly proportional 
to relative element abundances at the surface. Ion 

yields suffer from a significant chemical matrix effect. 
Although the efficiency of secondary ion production is 
low, detection limits still extend to around 10 ppb for 
favorable elements, particularly the alkali and alkaline 
earth metals (Figure 7). 

Because the generation of secondary ions is the 
limiting analytical process in SIMS, any species which 
can be ionized (positive or negative) can, in theory, be 
analyzed. Thus most of the periodic table can be 
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cessed, including hydrogen [e.g., Yurimoto et al., 

1989a]. The raw spectrum will, however, contain any 
readily ionizable species, which includes molecular 
ions, most importantly in mineral analysis, oxides. 

Thus in geochemical applications, some form of spec- 
tral filtering is usually applied to extract the elemental 
ion signature [Reed, 1980]. 

The experimental conditions used for geochemical 
analysis generally involve "dynamic" conditions 

[Benninghoven et al., 1987], where high primary ion 
current densities rapidly erode the sample surface. 
Thus the total ion yield is high, and mass resolution of 
the analyzing spectrometer is generally important in 
resolving isobaric interferences to identify the target 

species. High-transmission magnetic spectrometers, 
and predominantly the Cameca IMS3f through 5f in- 
struments, currently dominate this type of study. Al- 

though magnetic spectrometers lack the transmission 
attributes of the time of flight (TOF) analyzers typi- 

cally used in "static" SIMS, the large extraction fields 
used offer considerable flexibility, both in achieving 

reasonable transmission efficiency and particularly in 

energy filtering to remove molecular ions from the 
spectrum. 

In the Cameca instruments the spatial distribution 

of secondary ions is maintained through the spectrom- 

eter; thus the instrument is a real-time ion microscope, 

and a mass-resolved image of a large area can be 
viewed simultaneously. This gives significant trans- 
mission advantages over an instrument which collects 

signal while rastering the primary beam across the 
surface (ion microprobe), although the Cameca can 
also be used in this way. Because the microscope 

spatial resolution is dictated by the ion optical resolu- 
tion of the extraction optics and secondary ion col- 
umn, which is generally inferior to that of the primary 

column, ion microprobes offer an advantage in ulti- 
mate resolution [Betz and Rudenauer, 1991]. This can 

be useful in imaging but is only rarely useful in analysis 
because of the sacrifice in sensitivity. 

The most significant advantages of SIMS over, for 
example, X ray methods are as follows: (1) The very 
large signal-to-noise advantages of mass spectrometric 
detection give a very large usable dynamic range, 
typically better than 8 orders of magnitude, between 
the most and least abundant elements which can be 

observed. (2) The very limited escape depth of second- 
ary ions, typically several atomic layers, makes SIMS 
extremely surface sensitive. (3) SIMS is a natural 
depth-profiling method, in that the analyzed zone pro- 
gressively moves into the sample, as the surface is 
removed by sputtering. Erosion rates vary from frac- 
tions of a monolayer to more than a nanometer per 

second, depending on primary ion species and current 
density. (4) Mass spectrometric analysis allows iso- 
topes to be resolved. Thus tracer studies such as 
leaching in deuterated solutions can be used to great 
effect. 

The most significant limitations include the follow- 

ing: (1) There are difficulties involved in converting ion 

abundances in the secondary ion spectrum into ele- 
ment abundances at the surface. The process of ion- 
ization at these relatively low energies is matrix sen- 

sitive and modeled only with considerable difficulty. 
(2) Mineral surfaces are usually insulating; thus the use 

of charged particle beams in sputtering and extraction 
means charging must be controlled, and this is some- 
times difficult. Negatively charged oxygen is the most 

convenient primary beam for mineral analysis; posi- 
tive cesium is the most difficult. (3) The geometry of 
ion incidence at the mineral surface means shadowing 

effects from surface roughness can severely limit the 
accuracy of the depth profile. (4) SIMS is an ultrahigh 
vacuum method, so samples must be examined ex situ. 
Thus sample handling and preparation are especially 
critical. 

It is worth considering the impact of some of these 
factors in more detail by considering how the SIMS 

process works. 
lhe generation of secondary ions. The process of 

generating a secondary ion can be separated into sev- 
eral steps. The sputtering process is relatively well 
understood. On the basis of the Sigmund [1969, 1987] 
model the transfer of energy between the incident ion 

and its collision partners can be reasonably well mod- 
eled, and the total sputtering yield is obtained from 
calculation. Accuracy is good for samples where pre- 
ferred orientation and channeling effects do not inter- 

fere, such as most metal surfaces, but is limited for 
crystalline solids and thus many stn-faces of geochem- 
ical interest. Typically the "collision cascade" is com- 

plete in 10 -•3 s and yields sputtered particles with an 
energy distribution peaking strongly below 10 eV and 
extending many hundreds of eV above this energy. 
However, predicting which of these sputtered species 
will be ions is difficult. 

Secondary ion yields from similar matrices follow 
an inverse exponential relationship to either the ion- 
ization potential (positive ions) or electron affinity 
(negative ions). However, a strong dependence on 
chemical state or, rather, the position of the Fermi 
level, is also observed. This partly explains why the 
use of an electronegative species, such as oxygen, as 

the primary ion enhances positive ion yields by up to 
several orders of magnitude, while electropositive ce- 
sium enhances negative ion yields [Wittmaack, 1981; 
Yu, 1986a]. Figure 7 shows the relative ion yields of 
positive ions, mostly from elemental samples, under 
oxygen ion bombardment. In enhancing ion yields, the 
source of oxygen is not important. Thus oxygen leaks 
have been used, and yields are enhanced from oxide 
matrices. 

Numerous models have been developed to predict 

ion yields. It should be noted that none of these mod- 
els is universal to all sample types. The model of most 
relevance to this review is the bond-breaking model 
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Figure 8. The energy distribution of Co- and Co•- from a 
metal specimen, bombarded with a Cs + primary beam. 

proposed by Slodzian [1975] to explain the large sec- 
ondary ion yields from ionic solids. This is the model 

which also most comfortably applies to oxides [Wil- 

liams, 1979]. The ion ejection process is seen as a 
single bond cleavage which in the case of cation emis- 

sion results in a vacancy site's trapping a free electron. 

If this electron is trapped at the vacancy longer than 

the timescale of the sputtering event (10-13 S), then the 
cation will escape the surface. The model is not easily 

formulated into a usable relationship, because of the 
difficulty in describing the properties of the vacancy 

(electron affinity and amplitude of the wave function). 

However, where usable approximations have been 

applied, reasonable correlation with experimentally 

observed positive ion yields has been found [Yu, 
1986b]. 

The problem of quantifying ion yields can, in gen- 

eral, be avoided when depth profiling because the 

matrix is often not substantially modified with depth, 

and thus relative ion yields do not vary as the depth 

profile proceeds. The usual procedure is to take the 
ratio of the element of interest to a matrix element, for 

example Si or A1, which is either not anticipated to 

vary or varies predictably in the regime being exam- 
ined. This procedure also removes the effects of arti- 

facts, such as' surface roughening, which alter total 
secondary ion yields. 

If quantitation is essential, the only universal, but 

often impractical, approach is still to have standards 
available which match the matrix of the sample to be 
analyzed. In whole rock analysis, matrix dilution has 
been very successfully used to mitigate matrix effects 

on ion yields [Nesbitt et al., 1986]; however, the same 

approach is not available in depth profiling. 

lhe specimen isolation method. Although the ion 
yield problem may not seriously interfere with depth 

profiling, the discrimination of molecular ions from 

elemental ions certainly does. A major advantage of 
the sector instrument is that mass resolution can be 

used to discriminate between many common isobars. 

Also, when using a large extraction field, the second- 

ary ion energy spectrum can be used to select energy 

windows where the elemental ion spectrum dominates 

over the molecular ion spectra. This is best explained 

by reference to Figure 8 where the narrow energy 

spectrum of Co• is effectively removed by analyzing 
ions with emission energies above 100 eV. 

This approach is limited by the degree of energy 

filtering which is needed to eliminate the molecular ion 

spectra. Hydrides and the oxides of heavier elements 

are difficult to remove this way. One technique which 

avoids this problem is an extreme form of energy 

filtering known as the specimen isolation method [Met- 

son et al., 1983; Lau et al., 1985]. Although more 

widely used for trace element analysis, this method 

has been used with considerable success in depth profil- 

ing feldspars [Nesbitt and Muir, 1988; Muir et al., 1989, 
1990; Muir and Nesbitt, 1991, 1992; Nesbitt et al., 1991; 

Shotyk and Nesbitt, 1992]. Extreme energy filtering is 

achieved by allowing the sample surface to charge, thus 

creating a large in situ energy filter or threshold, con- 

trolled only by the dimension of a conductive aperture 

placed above the surface (Figure 9). The method is a 

straightforward way to achieve both control of charging 

and extreme energy filtering on insulating surfaces and is 

thus well suited to geochemical analysis. 

3.3. Depth Profiling 
SIMS, in dynamic mode, is a natural depth-profiling 

method, because the primary ion beam progressively 

Extractio• glate 

sI plate 

Teflon • 

Sample 

Teflon spacer 

Sample holder 

Figure 9. The sample support geometry used to exploit the 

specimen isolation (SI) method. Note the isolation of the 

sample from the secondary ion extraction voltage applied to 

the SI plate. 
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erodes the sample surface. Thus relative ion signals as 
a function of time represent a depth profile of element 
concentrations. If the primary beam is raster scanned 

across the sample surface, then a symmetrical crater is 
formed; the erosion front is flat and ideally moves 

perpendicular to the surface. There are, hqwever, a 
number of factors which complicate this picture and 

limit the accuracy of such an element profile. 
Limits are imposed by three principal factors: cra- 

ter edge effects, surface roughness, and ion beam 

mixing and selective sputtering. 

Crater edge effects. If the signal from the edges of 
the sputtered crater contributes to the profile, then ion 
intensities are simultaneously being collected from a 

range of depths, rather than the crater bottom. This is 
most readily eliminated by either raster gating the 

secondary ion beam in a microprobe-type instrument, 
or by constraining secondary ion optics in a micro- 
scope-type instrument, so then only signal from the 

central zone of the sputtered crater is collected. 
Surface roughness. In typical instrument geome- 

tries the primary beam impacts the surface at an angle 
between 30 ø and 45 ø to the surface normal. Angles can 

increase dramatically in high-extraction field instru- 

ments, when low primary beam energies are used 
[Meuris et al., 1989]. Thus surface roughness will act 

to shadow the surface and thus, at least initially, cause 

substantial loss of definition in the observed profile. 

Published profiles on mineral surfaces are rarely as 
dramatic as those from, for example, semiconductor 
surfaces, for both this reason and the natural inhomo- 

geneities in processes occurring at mineral surfaces. 
Ion beam mixing and selective sputtering. The dy- 

namics of the sputtering process are complex. Ini- 
tially, primary ions are implanted into the surface and 

thus alter its composition. Also some surface species 
may be selectively sputtered due to the nature of their 

bonding. Both effects are transitory, and despite the 
continued erosion of the surface a steady state condi- 

tion is rapidly reached, usually within seconds. The 
collision cascade will, however, continue to mix the 

composition in the zone ahead of the sputtering front. 
This mixing ultimately limits the resolution of sharp 
interfaces and the useful total depth of a profile. Owing 
to the nature of interfaces in most natural systems, this 

is rarely a limitation in depth profiling minerals. 

3.4. Comparison With Other Methods 
of Surface Analysis 

The use of SIMS in these applications must be 
weighed against other possible methods of surface 
analysis. Both X ray photoelectron spectroscopy 
(XPS) and Auger electron spectroscopy. (AES) have 
been used with considerable success in the surface 

analysis of minerals. The application of these methods 
to the surface analysis of geologic materials has been 
reviewed in the book by Perry [1990], and Mogk [1990] 
reviewed the application of AES to chemical weather- 

ing. AES is rather sample restricted in that samples are 
required to be at least partially conductive [Hochella, 

1988], and XPS has been more widely used. Both 

methods rely for their surface sensitivity on the limited 
escape depth of low-energy (10-2000 eV) electrons 

and are thus similarly sensitive to the outer 5-20 

atomic layers. They lack the absolute surface sensitiv- 

ity of SIMS and require the sputtering of the surface as 

a separate step, in order to create a depth profile. The 
reliance on an external (usually inert gas) ion gun 

typically limits sputtering rates to an order of magni- 

tude lower than SIMS using a Cs + primary beam. This 
restricts the accessible depth in an XPS/AES profile to 
fractions of a micrometer. 

A more significant limitation is the relatively poor 

sensitivity of these methods, particularly for light ele- 

ments. Although considerably better than X ray meth- 

ods, sensitivity for elements below boron is poor and, 

importantly, hydrogen is inaccessible. At best, these 

methods are capable of detecting elements at the 0.1 
at. % level, far inferior to SIMS. On the other hand, 

the cross sections for photoelectron and Auger elec- 
tron emission are well known, and thus both methods, 

but especially XPS, are immediately quantitative. 

Electron yields are not matrix sensitive, and thus ac- 

curate major element profiles can be obtained. 
Other ion beam techniques, based on the interac- 

tion of energetic (MeV) ion beams with surfaces, have 

been applied with some success to mineral surface 
leaching problems [Schott and Petit, 1987; Petit et al., 
1990b]. Although particle-induced X ray emission 

(P!XE) has insufficient depth resolution (> 1 Ixm) to be 
useful in this respect, Rutherford backscattering 

(RBS), elastic recoil detection analysis (ERDA), and 

especially nuclear reaction analysis (NRA) all have 
application in this area. NRA has been used with great 

effect in hydrogen profiling of glasses and other mate- 
hals where the modified zone of interest is up to a 

micrometer in depth, and the depth resolution (at best 
5-10 nm) can be usefully applied [Della Mea et al., 
1983; Schreiner et aI., 1988; Petit et al., 1987, 1989a, 

b, 1990a, b]. Casey and coworkers have contributed 

significantly to our understanding of feldspar dissolu- 
tion using RBS and NRA to study the formation of 

leached layers on the surface of dissolving labradorite 

[Casey et al., 1988, 1989a, b]. Despite success with 
hydrogen, boron, fluorine, sodium, and some other 
elements, however, NRA is extremely element selec- 
tive. There are a limited number of suitable interac- 

tions, and because depth resolution is energy sensi- 
tive, they do not generally have sufficient depth 
resolution for many mineral weathering problems. 
Also, lateral resolution is currently rarely better than 

!00 Ixm for the energetic ion beam methods. Microfo- 
cused beams of a few micrometers are being further 

developed, but the problem is technically challenging 
with MeV particles. 
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TABLE 2. Comparison of Surface Analysis Methods Applied to Geologic Materials 

SIMS RBS XPS AES 

Elements analyzed H-U Z > Li* Z > Li Z > Li 
Spatial resolution <30 nm 5 Ixm 100 Ixm 50 nm 
Depth resolution <1 nm 30-80 rim1' 1 nm 1 nm 
Best sensitivity 0.01 ppm 100 ppm 0.1% 0.1% 
Quantitative difficult yes yes yes 
Insulating samples yes yes yes difficult 
Chemical information some no yes yes 

*The ability to detect and resolve elements is a sensitive function of the detector resolution and the 
particular element/substrate combination. 

?Depth resolution is again very sensitive to detector resolution and particle straggling in the 
particular substrate (thus it is itself a function of depth). 

A broad comparison of the attributes of SIMS, 
AES, XPS, and RBS is shown in Table 2. 

4. APPLICATION OF SIMS TO CHEMICAL 

WEATHERING 

4.1. Dissolution of Glasses 

lab studies. Dissolving glasses have been suc- 

cessfully depth profiled using SIMS by a number of 
authors [e.g., Gossink et al., 1979; Smets and Lorn- 
men, 1982; Lacharme and Lehuede, 1985; Richter et 
al., !985; Zoitos et al., 1989]. Gossink et al. [1979], for 
example, used SIMS to depth profile a glass (20 
Na20' !0 CaO-70 SiO2 mol %) leached in water at 
75øC for 15, 30, and 40 min. Using a 100-hA O- 

primary beam and a Ta diaphragm to reduce surface 
charging, a plot of measured crater depth versus sput- 
ter time showed an excellent linear correlation, giving 

an average sputter rate of approximately 0.5 •/s. The 
sample which was reacted for 30 min showed that Na 
was significantly depleted relative to Si for more than 
2000 s; this corresponds to a leached layer approxi- 
mately 1000 • thick. Calcium was also depleted in 
relation to Si, but only to a depth of 500 •, revealing a 
preferential leaching of Na. 

Titanire (CaTiSiOs) is being considered as the ce- 
ramic component of a glass-ceramic host for immobi- 
lizing radioactive wastes. To confirm the expected 
thermodynamic stability of this mineral in groundwa- 
ter environments, glass ceramics were leached for up 
to 1 year in synthetic saline groundwater including 
15,500 mg/L Ca, 5047 mg/L Na, and 33,410 mg/L C1 at 
pH 6-8 [Hayward et al., 1984]. SIMS analyses of the 
glass-ceramic leaching in aleionized water showed de- 
pletions of Ca at depths up to 500 nm and Na, Cs, and 
Sr to depths greater than 900 nm; Si, Ti, Ce, La, and U 
were enriched at the surface. These results suggested 

that the glass phase dissolved preferentially, with the 
subsequent precipitation of Si, Ti, Ce, La, and U. In 
contrast, the synthetic groundwater effectively sup- 
pressed leaching of the titanire; in addition to the 

surface enrichments noted above, the SIMS depth 

profiles revealed significant enrichments of Mg and Si. 
Observations using SEM/energy-dispersive X ray in- 
dicated that a hydrated Mg silicate had precipitated on 
the reacted surface [Hayward et al., 1984]. Both of 
these results were consistent with the calculated sat- 

uration state which indicated the solution was super- 

saturated with respect to sepiolite, a chain lattice clay 
mineral. 

Schreiner [1989] performed leaching experiments 
with two glass compositions: 15 K20' 25 CaO-60 
SiO2 (wt %) and 16 K20' 15 CaO. 39 SiO2' 15 
PbO - 10 P20$ ß 3 MgO ß 2 A1203 (wt %); the latter is a 
dark green glass similar in composition to the glass 
used in medieval stained glass windows. The glasses 
were leached in HC! and H2SO• ranging from 0.1 M to 
0.1 mM at room temperature for up to 5 hours. The 
glass samples were gold coated to reduce surface 
charging and probed with a 100-nA O- primary beam. 
Each acid produced an altered layer severely depleted 
in K and Ca but enriched in H and Si; however, the 

depth of alteration in 0.1-N H2SO 4 was approximately 
one half that produced by 0.I-N HC1 (Figure 10). 
Using high mass resolution (M/AM from 2600 to 
3100), $chreiner [1989] was able to clearly distinguish 
32S from 320 2 and depth profile both 32S and 35Ci in the 
dark green glass: The glass leached in HC1 showed a 
significant enrichment of C1, while the glass leached in 
H2SO4 was enriched in S (Figure 10). The difference in 
leached layer thickness for a given glass composition 
in the two acids suggests that the anions play an 
important role in glass dissolution kinetics. 

Field studies. A number of reports have been pub- 
lished describing the surfaces of medieval glasses 
weathered in the ambient air for 600-700 years 

[Schreiner et al., 1984, !988; Schreiner, 1988, 1989]. 
These glasses were produced north of the Alps be- 
tween the years 1100 and 1500 and are characteristi- 
cally low in SiO2 (40-50 wt %) and high in K20 (10-20 
wt %), with 10-15% CaO. The dark green stained 
glasses produced during the same period contain, in 
addition to the above constituents, 5-10% P205 and 
10-30% PbO. Whereas the potash-lime glass shows a 
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low chemical durability, the dark green versions are 
much more stable [Schreiner et al., 1984]. 

Using an O- primary beam, Au-coated naturally 

weathered glasses were depth profiled for •H +, 23Na+, 
27A1 +, 29Si+, 4•K+, 42Ca+, 65Cu+, •38Ba+, and 2øSpb+. 
To convert the plot of secondary ion intensities as a 

function of sputter time to concentration depth pro- 
files, the "relative sensitivity factor" method was used 

in conjunction with measured sputtering rates O 
[Schreiner et al., 1984]. The sensitivity factor (Sx/•a) 

Si 

1 2 3 
relates the measured ion intensity (I•a) to the atomic 
concentration (c•) as follows: 

SX/M = [(Ix/cx) fx]/[(Im/cm) frei 

where I is the secondary ion signal, c the atomic 

concentration, and f the isotopic abundance of the 
analytical (X) or reference element (M); in this case, Si 
was selected as the reference element. The relative 

sensitivity factor method has been discussed else- 

where [Metson, 1990]. The concentration-depth pro- 

files revealed a surface layer apparently enriched in H, 

Si, and A1 (the "gel zone") and depleted in K and Ca. 
Schreiner et al. [1984] assumed that the dominant 

process was the following ion exchange reaction: 

-=Si-O-M + + H + *->--Si-OH + M + 

and further that the atomic concentration of Si re- 

mained constant during dissolution. The relative en- 

richment of Si at the surface was interpreted in terms 

of an increased sputtering rate of Si in this zone. The 
concentration-depth profiles were then corrected for 
this and are shown in Figure ! 1 a. The leached layer is 

2000 4000 2000 4000 

Sputter Time (s) 
Figure 10. (a) Raw SIMS depth profile of •H, 4•K, 298i, and 
35C1 of glass containing 15 wt 5½ K20, 25% CaO, and 605½ 
SiO2 leached in 0. ! N HC1 for 1 hour. An altered layer has 
developed which is depleted in K but enriched in H, Si, and 
C1, as well as Ca (not shown). (b) Raw SIMS depth profile of 
•H, 4•K, 29Si, and 32S in the same glass composition, but 
leached in 0.1 N H2SO 4 for 1 hour. The altered layer which 
has developed is similarly depleted in K and enriched in H 
and Si, as well as Ca (not shown), but the depth of alteration 

is approximately one half that produced bY HC1. Notice the 
enrichment of S. (From Schreiner [1989]. Reprinted by per- 
mission of the American Ceramic Society.) 

Depth (pm) 

Figure 11. (a) Concentration-depth profiles of K, Fe, and 
Ba, relative to Si, in medieval glass !9 naturally weathered 

since the fifteenth century. An altered layer has developed 
which is strongly depleted in K and Ba, as well as Na and Ca 

(not shown), and slightly depleted in Mg, A1, and Mn (not 
shown) in relation to Si. Iron is neither enriched nor de- 

pleted. (b) Concentration-depth profiles of K, P, Fe, Ba, and 
Pb, relative to Si, in dark green medieval glass 22 naturally 

weathered since the fourteenth century. An altered layer has 

developed which is strongly depleted in K and Ba, as well as 

Ca (not shown), and slightly depleted in Pb, as well as Mg, 
A1, and Mn (not shown), in relation to Si. Again, Fe in the 

leached layer is unchanged in comparison to the bulk com- 

position. NoQce the enrichment of P in the leached layer. 
(From $chreiner [1988]. Reprinted with permission.) 

approximately 1.5 Ixm thick and significantly depleted 
in K, Ca, and Pb. The oqtermost layer, however, 
revealed an enrichment of many elements, including 

Pb, which may help to explain the durability of this 
glass. Th{s outermost layer was also c!eady enriched 
in C1 and S in relation to the bulk glass. 

The constant Si assumption was confirmed in sub- 

sequent studies of these glasses [Schreiner, 1988; 
$chreiner et al., 1988]. Shorter analysis times and 

subsequent crater depth measurements with a profilo- 
meter showed that the increased intensities of Si near 

the surface were caused'partly by a higher erosion rate 
of that layer by the primary ion beam. Using high mass 
resolution, Schreiner [1988] showed that the intensity 
of 3•p+ was more than 10 times that of 3øSi•H +, allow- 

ing P to be depth profiled quantitatively (Figure 1 lb). 
The P depth profiles showed that the leached layer 
formed on the dark green, phosphorus-containing 
glass was significantly enriched in P [Schreiner, 1988]. 
The H depth profiles obtained by depth profiling with 
SIMS [Schreiner et al., 1984] were confirmed using 
NRA [Schreiner, 1988; Schreiner et al., 1988]. 

A radwaste glass consisting of 85 wt % nepheline 
syenite and 15% CaO was analyzed using SIMS after 
leaching in groundwater for 28 years [Tait et al., 1986]. 
The chemical composition of the fresh glass was 51.2% 
SiO2, 20.4% A1203, 15.0% CaO, 8.5% Na20, and 4.3% 
K20. SIMS analyses of the leached glass revealed the 
following: A1, Ca, and Na were depleted to depths of 
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approximately 20, 35, and 90 nm, respectively, and Si 
enriched to 60 nm. Iron and Mg were slightly enriched 

to depths of 45 nm, possibly because of accumulation 
from groundwater. Uranium was found to be slightly 

enriched and Th highly enriched to depths of about 100 
nm; the Th profile was interpreted in terms of a resid- 
ual enrichment caused by the preferential release of 

the major glass constituents A1, Ca, and Na [Tait et 
al., 1986]. 

4.2. Dissolution of Silicates 

Lab studies. SIMS depth profiles of a titanite which 
had been leached at pH 4 for 28 days at 90øC showed that 
Ca and Fe were strongly depleted in relation to Si and Ti 
[Bancroft et al., 1987]. On the same mineral leaching at 

pH 8 in solutions containing 400 mg/L Ca and saturated 
with respect to dissolved Si, no leached layers were 
observed; the lack of significant dissolution in these 

experiments was confirmed by inductively coupled 
plasma analyses of the leaching solutions. In long-term 

leaching experiments, SIMS depth profiles showed sig- 
nificant surface enrichments of Ca, Si, and A1, suggest- 

ing the regrowth of a phase approaching titanite in com- 
position. SIMS depth profiles of mtile (TiO2) leaching in 
solutions containing titanite showed that Ca, Si, A1, La, 
and U were actually enriched by up to 2 orders of 

magnitude in comparison to bulk values; these profiles 
confirmed that under appropriate conditions, not only 
does titanite not dissolve, it may actually grow. The 

titanites were also leached in D20, and D + penetration 
followed using SIMS. The depth profiles showed that Ca 
depletion was restricted to the first 300 ,l,, whereas D 
penetrated at least !0 times as deep [Bancroft et al., 
!987]. 

In experimental studies of diopside dissolution in 
deionized water at 100øC and pH 5.5, Schott and Petit 
[1987] used both SIMS and NRA to follow the reac- 

tion. The SIMS depth profiles showed that Ca and Mg 
were depleted in relation to Fe and Si, and H enriched, 
from the surface of the mineral over distances of up to 

2000 •. The profiles were interpreted as having docu- 
mented the formation of a hydrated silicate depleted in 

Mg and Ca, but enriched in Fe owing to the precipita- 
tion of ferric oxide on the surface. 

Potassium feldspar leached at p H 1 from 25 ø to 
200øC was analyzed using SIMS and a variety of other 

surface techniques [Goossens et al., 1989]. The SIMS 
depth profiles revealed an amorphous surface layer up 

to 75 nm thick, depleted in Na, A1, and K (plus Rb, Cs, 
Sr, Ba), and enriched in H. The thickness of this 

residual layer was found to increase with increasing 

reaction time and increasing temperature. SEM and 

transmission electron microscopy images supported 
the view that the leached layer was a residual product 
of dissolution and not an amorphous precipitate. 

Dissolving plagioclase feldspars: Muir et al. [1989] 
showed that the surface of labradorite feldspar leached 

for 60 days in HC! at p H 3.5 was significantly depleted 

in A1 and Ca in relation to Si, for approximately 600 s. 
Given the measured sputter rates of 1-2 •/s, the re- 
sults indicated a cation- and A!-depleted leached layer 

approximately 600-1200 • thick. In contrast, leaching 
the feldspar in distilled water at p H 5.7 produced only 
very thin leached layers: A1 was depleted for 60-120 
•, and Ca for 100-200 •. Using XPS, Muir et al. 
[1989] provided independent confirmation that the sur- 
face of dissolving labradorite was also depleted in Na. 

Cation- and Al-depleted leached layers on the sur- 

face of plagioclase feldspar dissolving at room temper- 
ature have since been reported in several studies (see 
Casey and Bunker [!991] for a review). The steps 
involved in the formation of these residual layers are 

thought to be [Casey et al., 1989a, b] (1) penetration 
of water molecules (hydration), (2) protonation of cat- 
ion-oxygen bonds near the surface of the mineral (the 

depth of penetration depends upon p H, reaction time, 
and temperature), (3) replacement of alkali and alka- 
line earth cations near the mineral surface by hydro- 

nium ions, (4) hydronium ion attack of A1 in bridging 

Si-O-AI sites, thereby depolymerizing the surface, (5) 
diffusion of alkali, alkaline earth cations, and A1 

through the reacting surface layer, (6) partial repoly- 
merization of remaining silanol groups in the silica-rich 

surface to produce Si-O-Si or Si-O-A1 bonds, and (7) 
hydrolysis of the Si-O-Si bonds in the remaining sili- 
ceous surface layer. This last step is thought to control 
the overall rate of feldspar dissolution in acidic ch!o- 
ride solutions [Chou and Wollast, 1984, 1985; Wollast 

and Chou, 1985; Brady and Walther, 1989; Casey et 

al., 1989a, b; Blum and Lasaga, 1991]. 

Effect of plagioclase composition: Albite, oligo- 
c!ase, labradorite, and bytownite were leached in HC1 

at p H 3.5 for 90 days and depth profiled using the 
SIMS [Muir eta!., 1990]. In each case, significant 

leached layers were found in which the cations and A1 

are del•leted in relation to A1 over distances as great as 
1600 A. The thicknesses of the leached layers in- 

creased with increasing A1 and decreasing Si content 
(i.e., increasing mole percent anorthite) as shown in 
Figure 12. The SIMS findings are consistent with ki- 
netic studies which have shown that the reactivities of 

p!agioclase feldspars in acidic solutions increase with 
increasing A1 content [Blum and Lasaga, 1988; Brady 
and Walther, 1989]. 

The thickness of leached layers may vary signifi- 

cantly with small differences in plagioclase composi- 
tion [Shotyk and Nesbitt, 1992]. For example, com- 

pare the leached layers formed on an An54 labradorite 
versus an An60 !abradorite composition, both leached 
in HC1 at pH 4.0 (Figure 13). The leached layer formed 
on the more calcic labradorite composition is about 5 
times thicker than that formed on the more sodic 

composition. Once again, these results are consistent 
with recent kinetic studies which have shown that the 

rates of dissolution of the calcic plagioclases are very 
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Figure 12. Percentage change in A1/Si of four plagioclase 
feldspar compositions leached for 90 days in HCI at pH 3.5: 

(a) albite, (b) oligoclase, (c) labradorite, (d) bytownite. 

(After Muir et al. [1990].) 

sensitive to small differences in chemical composition. 

For example, Casey et al. [1991] found that the rates of 

dissolution of labradorite (An6o) and bytownite (An76) 
were 14 and 212 x 10 -•5 mol Si cm-'- s -l, respectively. 

Effect of dissolved salts: The effect of dissolved 

salts (Na, K, Ca, AI, and Si) on the formation of 

leached layers on the surface of labradorite feldspar 

has been evaluated in a series of simple experiments 

[Nesbitt et al., 1991]. The experimental conditions 

selected for study are shown in Table 3. Leached 

layers up to 1500 3, thick developed on labradorite 
(An54) dissolving in 10 -4 M HCI at p H 4 (Figure 14). In 
solutions at the same p H containing 1 mg/L Na, K, 

and Ca, the leached layers formed after the same 

period of dissolution were about one half as thick 

(about 700 3,) as those formed in HCI alone. In solu- 
tions at pH 4 containing these cations and also 0.01 

mg/L A1, a leached layer formed which was indistin- 

guishable from the second case (about 700 3,). In other 
words, adding 0.01 mg/L A1 had no significant effect on 

leached layer formation at p H 4 in comparison to the 
combined effect of 1 mg/L Na, K, and Ca. In solutions 

containing these cations plus 1 mg/L A1, no significant 
leached layer formed (Figure 14). In the solution at pH 

4 containing 1 mg/L Na, K, Ca, and AI, therefore, the 
labradorite dissolved congruently. 

In the experiment consisting only of 10 -4 M HCI, 
there were no significant concentrations of cations 
other than H +. The hydronium ion, therefore, ac- 
counted for 100% of the total cationic charge of the 

solution (Table 3). In the next experiment (HC1 plus 
Na, K, Ca), the addition of other cations reduced the 
contribution of H + to total cationic charge to 45% 

(Table 3). In the experiment containing HC1, Na, K, 
Ca, plus 0.01 mg/L A1, the addition of A1 did not 
significantly reduce the contribution of H + to the total 
cationic charge in comparison to the solution contain- 
ing Na, K, and Ca. In the last two experiments (HCI 

plus Na, K, Ca, and I mg/L AI, with either 1 or 0.1 
mg/L Si), the contribution of H + to the total cationic 

charge was reduced to approximately 30% (Table 3). 

As the relative importance of H + in the bulk solution 
decreased, so too did the thickness of the residual 

surface layer. 

The SIMS depth profiles support kinetic studies 
which have demonstrated the inhibiting effect of dis- 

solved salts on feldspar dissolution rates [SjOberg, 
1989]. The rate of dissolution of oxides and silicates is 

proportional to the surface concentration of H + [Blurn 
and Lasaga, 1991; Casey et al., 1992]. The presence of 
cations other than H + in the bulk solution results in 

additional adsorption equilibria which compete with 
H + for surface sites [Sturnm and Wollast, 1990]. Add- 
ing Si to the solutions (Table 3) had no significant 

effect on leached layer formation (Figure 14) because 

aqueous silica does not compete with H + and the other 
cations for surface sites. 

Effect of complex-forming ligands: SIMS analyses 

showed that labradorite (An54 and An60) leached at p H 
4 for 72 days dissolved incongruently both in 10 -4 M 
oxalic acid and in 10 -4 M HF, yielding altered layers 
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Figure 13. (a) Percent change in A1/Si of labradorite (An54) 
leached for 72 days in HCI. Four spots on the surface of the 

sample were depth profiled. Given that the sputtering rate 
was approximately 2 3ds, an Al-depleted leached layer ap- 
proximately 800 • thick has formed on the surface of the 
dissolving feldspar. (b) Percent change in A1/Si of labra- 

dorite (An6o) leached for 72 days in HCI at pH 4. Two spots 
on the mineral surface were depth profiled. Here, AI is 

depleted in relation to Si for 1500 s, corresponding to a 
leached layer approximately 3000/• thick From Shotyk and 
Nesbitt [1992]. (Reprinted with permission.) 
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TABLE 3. Dissolved Solids Concentrations and Distribution of Cationic Charge in Labradorite (An$4) Leaching 
Experiments in HCI at pH 4 [Nesbitt et al., 1991] 

Experiment 1 Experiment 2 Experiment 3 Experiment 4 

Percent of Percent of Percent of Percent of 
Concentration, Cationic Concentration, Cationic Concentration, Cationic Concentration, Cationic 

•)9ec ie s m g/L Charge m g/L Charge m g/L Charge m g/L Charge 

H + ß ß ß 45.7 ß ß ' 45.4 ß ß ß 30.3 ' ß ß 30.3 
Na + 1.0 19.9 1.0 19.8 1.0 13.2 1.0 13.2 
K + 1.0 11.7 1.0 11.6 1.0 7.8 1.0 7.7 
Ca 2+ 1.0 22.8 1.0 22.7 1.0 15.1 1.0 15.1 

Air ß ß ß 0.0 0.01 0.5 1.0 33.6 1.0 33.6 
Sir ß ß ß 0.0 1.0 0.0 1.0 0.0 0.1 0.0 

strongly depleted in A1 and Ca and residually enriched in 

Si. The thickest leached layers were produced by HF (up 
to 1700 • on An54 and up to 5000 • on An60). Because 
the H + concentration was the same in each solution 

(10 -4 m), it was possible to clearly separate the relative 
importance of proton-promoted dissolution (in HCI) and 
ligand-promoted dissolution (in oxalic acid and in HF) 

for a given feldspar composition. To do this, the SIMS 

(D 2O 
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Figure 14. Percentage change in (a) A1/Si and (b) Ca/Si of 

labradorite (An54) leached in HC1 at pH 4 with varying 
concentrations of dissolved salts. The composition of each 
solution is shown in Table 3. The thickness of the leached 

layer formed in the solution containing Na, K, and Ca 
(experiment 1) is about one half that formed in HC1, even 

though the p H is the same in each case. The addition of 1 

mg/L Si and 0.01 mg/L AI to the solution containing the 
cations has no effect (experiment 2), in comparison to the 
cations alone. In solutions containing the cations plus 1 mg/L 
A1, no significant leached layer is found (experiment 3). With 
1 mg/L A1 plus each of the cations, increasing Si from 0.1 to 
1 mg/L had no effect on leached layer thickness. (After 
Nesbitt et al. [1991].) 

depth profiles obtained from An60 labradorite leached in 
oxalic acid and in HF were normalized to those pro- 
duced in response to HC1. This comparison clearly 
shows that the ligands oxalate and fluoride significantly 
increased the formation of leached layers in comparison 
to the effect of H + alone (Figure 15). 
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Figure 15. (a) Percent change in A1/Si of labradorite (An6o) 
leached in oxalic acid, normalized to labradorite leached in 

HCI. The pH and acid concentrations were the same in each 

solution, allowing the effects of proton-promoted and ligand- 

promoted dissolution to be clearly separated. The leached 

layer shown here has formed in response to the oxalate 

ligand. The differences between the three depth profiles 
probably reflect chemical zonation in the mineral (b) Per- 

cent change in A1/Si of labradorite (An6o) leached in HF, 
normalized to labradorite leached in HCI. Again, the p H and 
acid concentrations were the same in each solution, allowing 

the effects of proton-promoted and ligand-promoted dissolu- 

tion to be separated. The extent of leaching shown here can 

be attributed to the fluoride ligand. (From Shotyk and Nes- 

bitt [1992]. Reprinted with permission.) 
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The three spots which were depth profiled show 

approximately the same depth of leaching, but clearly 
differ in respect to the extent of surface attack (Figure 
15). These differences in extent of leaching within a 

sample are attributed to zoning, which is commonly 

observed within feldspar crystals [Barth, 1969]. The 

less extensive dissolution probably corresponds to 

more sodic zones within the crystal, and the more 

extensively dissolved areas to more calcic zones. Ins- 

keep et al. [1991] have observed similar variation in 

leached layer thicknesses on the surface of labradorite 

leached in acidic solutions. They reported leached 

layers up to 700/tt in the sodic zones of labradorite, 
compared to 1400/tt in the leached layers of the calcic 
zones. 

In contrast to the two labradorite compositions, 
anorthite leached in HC1 showed much thinner leached 

layers, even though it is a more reactive composition. 

Also, no significant leached layers were observed on 

anorthite leached in oxalic acid and in HF (Figure 16). 

Significantly higher concentrations of Si and A1 were 
found in the oxalic acid and HF leaching solutions in 

comparison to anorthite in HCI, indicating a more 
extensive dissolution of the solid phase. However, in 
each case the molar ratio of Si to A1 in the solutions 

reflected the molar proportion of Si to A1 in the fresh 
solid. In other words, in each of these experiments, 

dissolution of the anorthite was essentially congruent 

[Shotyk and Nesbitt, 1992]. 

These findings may help to explain why Mast and 
Drever [1987] found that 1-mM oxalic acid had no 

effect on the overall rate of dissolution of oligoclase 

feldspar (An•3) while Amrhein and Suarez [1988] re- 
ported an accelerated rate of anorthite (An93) dissolu- 
tion in the presence of similar concentrations of oxalic 
acid. The effect of complex-forming organic ligands on 

the overall rate of plagioclase feldspar dissolution, as 
measured by the rate of release of Si, depends strongly 
upon the molar proportions of A1 and Si in the solid. 
Promotion of rates of feldspar dissolution by organic 
ligands is favored by a relatively large ratio of A1 to Si 
(e.g., 1:1 as in the case of the anorthite endmember). 

Field studies. Samples of naturally weathered oli- 
goclase from a soil profile weathering for 10,000 years 
have been depth profiled using the SIMS [Nesbitt and 
Muir, 1988]. Naturally weathered faces of the feldspar 
were depth profiled and compared with freshly cut 
surfaces. The freshly cut oligoclase surface revealed 
no significant difference in Si, A1, and Ca ion intensi- 
ties with depth through the surface of the mineral. In 
contrast, the depth profiles of nine naturally weathered 
plagioclase grains all showed that Si was strongly 
depleted in relation to AI over a distance of up to 1000 
• (Figure 17). At the same time, however, the SIMS 
depth profiles clearly showed that Ca in the weathered 
grains was not depleted in relation to AI [Nesbitt and 
Muir, 1988; Muir, 1989]. Although the authors con- 

cluded that naturally weathered plagioclase feldspars 
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Figure 16. (a) Percent change in AI/Si of anorthite (An,oo) 
leached in HCI at pH 4 for 72 days. This leached layer is 

significantly thinner than that of the An6o labradorite com- 

position shown in Figure 12. However, the measured con- 
centrations of AI and Si in the output solutions confirmed 
that the anorthite was dissolving more rapidly than the la- 

bradorite. (b) Percent change in AI/Si of anorthite leached in 

oxalic acid at the same pH. Although the percent change in 
AI relative to Si is less than that produced in HCI, the 
concentrations of AI and Si in the oxalic acid output solu- 

tions are significantly higher than in the HCI, confirming that 
oxalic acid has enhanced the dissolution of anorthite, in 

comparison to HC1 at the same pH. (c) Percent change in 
AI/Si of anorthite leached in HF. Again, even though the 

leached layer produced by HF is smaller than the slight layer 
produced in response to HCI, the concentrations of A1 and Si 
in the HF output solutions are significantly greater than in 
HCI at the same pH. (From Shotyk and Nesbitt [1992]. 
Reprinted with permission.) 

dissolve incongruently, with Si being leached out of 
the mineral preferentially over A1, they failed to ex- 
plain how Si could have been removed without also 
removing Ca. 

In contrast to the naturally weathered oligoclase, all 
of the feldspars leached in acidic solutions in experi- 
mental laboratory studies show altered layers in which 

A1 is depleted in relation to Si [Casey et al., 1988, 
1989a, b; Goossens et al., 1989; Muir et al., 1989, 
1990; Hellmann et al., 1990; Nesbitt et al., 1991; Muir 
and Nesbitt, 1991, 1992; Shotyk and Nesbitt, 1992]. 
The main difference between the natural weathering 

environment and all of the laboratory studies is the p H 

and composition of the solution in the till which 
leached the feldspar for thousands of years. Although 
no pH or solution chemical information is given in the 
original paper [Nesbitt and Muir, 1988], if the pH of 
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Figure 17. Percent change in the ratio Si/A1 versus depth of 

naturally weathered plagioclase grains. The dashed curve 
corresponds to a fresh (unweathered) otigoclase and the 

other curves correspond to three weathered grains. The low 
28Si secondary ion intensities in relation to 27A1 in the raw 
SIMS depth profiles were interpreted as evidence of prefer- 
entiaI removal of Si in comparison to A1 from the surface of 
the fetdspar by natural weathering solutions. The calculated 

Si/A! ratios emphasize this change. (From Nesbitt and Muir 
[1988]. Reprinted with permission.) 

the soil solution at the base of the profile was suffi- 
ciently close to the neutral pH range, perhaps Si could 
have been released preferentially over A1 as lab exper- 
iments have shown [von Engelhardt, 1939; Schweda, 
1989]; however, this could not account for the Ca 

depth profile. A second possibility is that the presence 
of dissolved cations and A1 in the leaching solution, 
combined with a near-neutral p H, allowed Si to be 
removed preferentially over A1 as feldspars dissolving 

in salt solutions [Nesbitt et aI., 1991]. Again, this 
probably would not explain the Ca depth profile. 

Perhaps the SIMS depth profiles simply indicated 
an aluminous precipitate covering the feldspar surface. 
Aluminous coatings have been found on the surface of 

naturally weathered minerals from soils, including 
hornblende [Mogk and Locke, 1988] and oligoclase 
[Inskeep et al., 1993]. Given that the fundamental 

process of podzolization is the chemical separation of 
Fe and A1 from Si in upper soil layers and the precip- 
itation of amorphous Fe and A1 phases further down in 
the profile, this latter possibility seems the most likely. 
Unfortunately, there appear to be no other published 
SIMS studies of naturally weathered minerals from 
soils for comparison. 

5. SUMMARY AND CONCLUSIONS 

SIMS is extremely surface sensitive and allows 

chemical and isotopic analyses of elements ranging 
from H to U. Using the specimen isolation method to 
reduce surface charging, SIMS is ideally suited to 

depth profiling glasses and minerals. With sputtering 
rates of the order of 1 •/s, SIMS depth profiles have 
been used successfully to illustrate chemical changes 
that take place at the solid-solution interface during 
the dissolution of glasses and minerals. 

SIMS depth profiles of dissolving glasses and sili- 

cates illustrate the complexity of the dissolution pro- 
cess. The behavior of dissolving plagioclase feldspar, 
for example, is very sensitive to both the composition 
of the mineral and the leaching solution. Small differ- 

ences in mineral composition may give rise to large 
differences in rates of dissolution and thickness of 

leached layers. The presence of relatively low concen- 

trations of dissolved salts may greatly influence both 

the rate and the mechanism of dissolution. Simple, 
complex-forming organic ligands may promote the re- 
lease of A! in acidic solutions, but this may or may not 

affect the overall rate of feldspar dissolution, depend- 
ing on the mole percent anorthite. 

Many questions remain concerning rates and mech- 
anisms of mineral weathering in soils and sediments. 

The effect of organic acids on silicate dissolution, for 

example, requires systematic study to clearly separate 

the effects of simple and complex organic acids as 
ligands versus reducing agents. The combined effect of 

complex-forming organic ligands and dissolved salts 
on the formation of leached layers and dissolution 

rates has not yet been investigated. There is a need for 

more detailed experimental studies of the rates and 

mechanisms of dissolution in systems more closely 

resembling natural weathering solutions, using repre- 
sentative conditions of mineral composition, tempera- 
ture, p H, and solution composition. Such experiments 
should include analyses of output leaching solutions, 
as has been done traditionally, but should also include 

surface analyses of the dissolving solid using a method 

such as the SIMS. Given the potential of the SIMS to 
help us understand processes at the mineral-water 
interface, there is also a great need to do much more 

work with reacted surfaces of naturally leached min- 
erals from soils. 
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