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Formation of a protective surface layer [a layer of products through which transport
(diffusion) of aqueous reactants or products is rate-determiningl during silicate-mineral
weathering requires that (1) elements normally considered immobile (e.g., Al, Fe) behave
conservatively; and (2) the volume ratio of product to reactant be greater than one. Mineral
suites involving most major rock-forming silicates (feldspars, pyroxenes, amphiboles, and
olivines) weathering to common oxides and 1: I clays are characterized by Vo,oo < Vn*,
(V-"d/V**, < l). Protective surface layers cannot form on these minerals; instead, etch
pits and porous pseudomorphs formed by interface-controlled reactions are ubiquitous.
However, reactant-product mineral suites involving almandine and spessartine gamets are
characterized by Vr^ ) V**, (V.d/V**, > l). Weathered almandine and spessartine
commonly exhibit laterally continuous, nonporous surface layers underlain by smooth,
rounded reactant-mineral surfaces. The rate-determining step during weathering in these
instances is diffusion through the surface la1,er of weathering products. Elemental mobility
in the weathering environment and product-reactant volume ratios determine the occur-
rence ofsurface features (etch pits vs. protective surface layers) and associated rate-deter-
mining mechanisms (interface- vs. transport-controlled kinetics).

IurnooucrroN

The purpose of this paper is to propose a hypothesis:
The presence or absence ofprotective surface layers dur-
ing natural weathering of silicate minerals and the rate-
determining mechanism of the weathering reactions are
determined by the stoichiometries and molar volumes of
reactant minerals and their weathering products. To test
the molar volume hypothesis, product-reactant volume
ratios are calculated for a number of common rock-form-
ing silicate minerals, weathering to well-crystallized sec-
ondary minerals typical of thoroughly leached, oxidizing
weathering conditions. Volume ratios are then related to
the observed distribution of etch pits and surface layers
on naturally weathered silicate minerals. Fe-bearing sili-
cates are emphasized because of the equivocal nature of
previous results regarding rate-determining mechanisms
and protective surface layers on these minerals. The re-
actant and product minerals investigated here are listed
in Table l.

Rate-determining mechanisms in the weathering of
major Fe-free rock-forming silicates

Any mineral-HrO reaction (for example, hydrolysis of
silicate minerals during rock weathering) requires a se-
quence of steps for the reaction to proceed. With the as-
sumption that all reactants are available in excess, the
following steps must occur (in order): (l) aqueous reac-
tants (e.g., H ions or hydronium) must arrive at the min-
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eral-solution interface, (2) the reaction must occur at the
interface, and (3) dissolved products (e.g., alkali or alka-
line earth cations, aqueous silica) must leave the site of
the interfacial reaction (lest they accumulate to the extent
that equilibrium is attained or the reaction is otherwise
suppressed).

When a number of different reaction steps occur in
series, the slowest step is rate determining. Therefore, one
of two mechanisms is rate determining in the weathering
of silicate minerals: (1) transport control (or transport-
limited reaction), in which transport of aqueous reactants
to or products from the fresh mineral surface is the slow
step in the reaction; or (2) surface-reaction (interface)
control (or interface-limited reaction), in which the rate
of reaction is determined by processes occurring at the
mineral-solution interface (Berner, 1978, l98l). Each rate-
determining mechanism has unique consequences for the
microscopic surface morphology of weathered mineral
grains (Berner, 1978, 1981).

Surfaces of minerals dissolving by transport control are
smooth, rounded, and featureless, reflecting the unifor-
mity of attack on the surface (Berner, 1978, 1981). Dif-
fusion is the slowest form of transport (Berner, 1978,
1981); the medium through which diffusion occurs may
be the surrounding fluid, or a protective surface layer of
residual or secondary solids on the surface ofthe dissolv-
ing mineral (armoring precipitate, as used by Schott and
Petit, 1987; a surface layer is protective if diffusion of
reactants or products through it is the rate-determining
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step in the alteration reaction). However, measured sili-
cate-mineral dissolution rates are too slow to be account-
ed for by aqueous diffirsion (Berner, 1978, l98l), and no
direct evidence of appreciable stoichiometrically altered
surface layers has been reported from naturally weathered
Fe-free major rock-forming silicates. Direct examination
of the surfaces of many naturally weathered silicates in-
stead reveals ubiquitous etch pits (crystallographically
controlled dissolution voids; see reviews by Velbel, 1986,
1987; Blum and Lasaga, 1987; Schott and Petit, 1987).
Etch pits and related features are produced by interface-
limited mechanisms, reflecting the site-selective nature of
the interfacial process (Berner, 1978, 1981; Brantley et
al., 1986; LasagaandBlum, 1986; SchottandPetit, 1987;
Blum and Lasaga, 1987; Blum et al., 1990; Gratz eI al.,
1991a, l99lb). Clay pseudomorphs after aluminosili-
cates possess abundant porosity between clay crystallites
in the pseudomorph (e.g., Glasmann, 1982; Velbel, 1983;
Nahon and Bocquier, 1983; Anand and Gilkes, 1984).
Diffusion through this open pore network is not likely to
be sufficiently slow to affect reaction rates at the solid-
fluid interface (e.9., Petrovic, 1976). Interface control is
now favored for weathering of major rock-forming sili-
cates, including (l) qtartz, (2) feldspars, (3) Fe-free py-
roxenes, amphiboles, and olivines, and (4) Fe-bearing py-
roxenes, amphiboles, and olivines under reducing or
extremely acidic conditions (e.g., Wilson, 1975; Berner
and Holdren, 1911, 1979; Berner et al., 1980; Schott et
a l . ,  l98 l ;  Velbel ,  1984b,  1986,  1987,  1989;  Schot t  and
Petir, 1987; Blum et al., 1990; Gratz er al., 1991a, 1991b).

Ferromagnesian-silicate weathering

The evidence for weathering mechanisms of Fe-bearing
pyroxenes, amphiboles, and olivines under oxidizing
conditions is equivocal (Velbel, 1987). Although hydrous
ferric oxide precipitates form during weathering ofthese
minerals (Siever and Woodford, 1979; Berner and Schott,
1982; Schott and Berner, 1983, 1985;White et al., 1985;
White and Yee, 1985) their potential diffusion-limiting
role is still not well understood. The ubiquitous occur-
rence of etch pits and related features (Fig. l) on soil
pyroxenes, amphiboles, and olivines favors interface-
controlled mechanisms (Berner and Schott, 1982; Velbel,
1987). Figure I is a scanning electron microscope (SEM)
image of a denticulated margin (also known as cocks-
comb termination and hacksaw termination) on a natu-
rally weathered inosilicate (hornblende), in which the teeth
parallel the c axis ofthe reactant chain silicate (e.g., Ber-
ner et al., 1980: Berner and Schott, 1982; Velbel, 1987,
1989, and references therein; this feature is also common
on weathered pyroxenes). This feature is also visible by
optical petrography (e.g., Cleaves, 197 4; Delvigne, 1 983,
1990; Velbel, 1987, 1989). Berner et al. (1980) showed
that etch features reflect selective attack at crystal defects
and dislocations; the sharp denticulations result from side-
by-side coalescence of lenticular (almond-shaped) etch pits
(Berner et al., 1980; Berner and Schott, 1982). Etch pits
(Fig. 2) and denticulated margins form on weathered ol-

TABLE 1 . Stoichiometric coefficients and molar volumes for rock-
forming silicate minerals and some weathering prod-

ucts characteristic of well-leached environments

Element
Mineral (e) ne

Common rock-forming aluminum and iton silicates
Anorthite
Low albite
Orthoclase
Ferrosilite
Anthophyllite
Cummingtonite
Fayalite

Almandine

Spessartine

Staurolite

Zoisite
Epidote-1

Epidote-2

Magnetite

Kaolinite
Gibbsite
Goethite
Hematite
Lepidocrocite
Boehmite
Diaspore
Bayerite
Nordstrandite
Pyrolusite
Ramsdellite

At 2
Al  I
Al I
F e 2
F e  l , + l
Fe 2.9
F e z

Other tock-f orming sil icates

100.610
1 00.054
1 08 283
65.941

265.88
271.68
46.290

1 3 6 . 1 9
1 38.146

137 370

44.528

99.236
32.222
20.693
30.388
22.492
19.507
17.862
3 1  . 1 5
32.28
16.708
17.838

Al 2 115.43
Fe
AI
Mn
Fe
AI
AI
AI
Fe
AI
Fe

?

4 445.67
1 8
e
2 . 1 6
0.84
2.60
0.40

Oxide
F e o

Weatheling products
Ar 2
AI
Fe
he

Fe
AI
AI
AI
AI
Mn
Mn

Note j Stoichiometries and molar volumes for Tables 1_3 are from Smyth
and Bish (1988) tor all minerals except bayerite and nordstrandite (from
Maynard, 1983) and lepidocrocite (calculated from unit-cell parameters
given by Schwertmann and Taylor, 1989).

ivines in the same manner (Wilson, 1975; Grandstaff,
1978; Delvigne et al., 1979; Nahon et al., 1982; Macaire
et al., 1988). Mobilization of Fe by reduction in wet,
O-depleted soils or exceptionally acidic settings accounts
for only a few ofthe many natural occurrences ofetched
pyroxenes and amphiboles (Glasmann, 1982; Anand and
Gilkes. 1984).

Boxworks (typically femrginous) comprise a rigid net-
work of secondary products that pseudomorphically pre-
serves pyroxene and amphibole grain outlines and cleav-
ages (with abundant porosity within the boxwork) even
upon complete removal of the reactant-mineral remnants
(e.g., Cleaves , 197 4; Velbel, I 989; Delvigne, 1983, 1990).
Densely etched or denticulated mineral surfaces are ubiq-
uitous on most naturally weathered major rock-forming
silicates, even on surfaces beneath clay coatings or oxide
and hydroxide products (e.g., boxworks), from which the
mineral surface is commonly separated by void (e.g.,
Cleaves, 1974; Nahon and Bocquier, 1983; Velbel, 1989;
Delvigne, 1990; Nahon, l99l). This suggests that all por-
tions of the primary mineral surface are accessible to flu-
ids in spite ofthe precipitates.
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Fig. l. Denticulated margin on naturally weathered horn-
blende, formed by side-by-side coalescence of lenticular (al-
mond-shaped) etch pits. Sample is from a weathered corestone
developed on the Carroll Knob Complex, in the Blue Ridge near
Otto, North Carolina (Velbel, 1989). Scanning electron photo-
micrograph; scale bar is 10 ;rm long.

Garnet weathering

Studies of naturally weathered almandine garnet by
Stoops et al. (1979), Parisot et al. (1983), Embrechrs and
Stoops (1982), and Velbel (1984a) provide considerable
evidence that almandine weathers by a transport-con-
trolled (diffusionlimited) mechanism in oxidizing weath-
ering environments such as saprolite (Velbel, 1984a). In
many soils, almandine surfaces are directly exposed to
soil solutions (Velbel, 1984a; Ghabru et al., 1989; Gra-
ham et al., 1989a). These grains exhibit numerous well-
formed etch pits (Fig. 3), indicating interface-control of
garnet weathering in these weathering environments (Vel-
bel, 1984a). However, in many lateritic and saprolitic
regoliths, layers of limonite replace garnet. The replace-
ment begins at grain boundaries and internal fractures
traversing the garnet, and the replacement front evolves
from the original grain boundary toward the grain or frag-
ment center, a texture known as centripetal replacement
(Parisot et al., 1983; Velbel, 1984a). The resulting prod-
ucts occur as layers of uniform thickness (Stoops et al.,
1979; Embrechts and Stoops, 1982; Parisot et al., 1983;
Velbel, 1984a). In thin section, the contact between the
garnet surface and the layer of weathering products is
sharp and smooth, and garnet subgrain corners (e.g., at
the junctions of fractures) are commonly visibly rounded
beneath the layers.

Fig. 2. Etch pits on naturally weathered olivine from a slight-
ly weathered corestone in spheroidally weathered basalt near
Schofield Barracks, Oahu, Hawaii. Note both individual etch
pits and spatial arrays of overlapping pits. In order to minimize
preparation artifacts (Cremeens et al., 1987), no chemical or
mechanical pretreatment was employed; the dust adhering to the
surface consists ofnatural fines produced and redistributed dur-
ing sample shipping and storage. Scanning electron photomicro-
graph; scale bar is 10 pm long.

Scanning electron microscope (Fig. a) and X-ray dif-
fraction fiRD) observations show that the limonite con-
sists of radially oriented fibrous intergrowths of gibbsite
and goethite that formed by centripetal replacement of
garnet (Velbel, 1984a1- Graham et al., 1989b, report he-
matite as the femrginous product in their material). Etch
pits are absent. Diffusion (transport) of reactants and
products through the gibbsite-goethite layer is the rate-
determining step in the weathering of almandine in the
oxidizing environment of the saprolite (Velbel, 1984a).
Both coated and uncoated almandine grains can occur in
the same soil (Graham et al., 1989a); garnets that were
partially weathered in saprolites have thick coatings of
limonite and persist in soils, whereas garnets that by-
passed the coating-forming, saprolitic stage of weathering
(i.e., were removed to soils directly from fresh outcrops)
weather much more readily @mbrechts and Stoops, 1982).
These observations further attest to the protective nature
of the coatings. Similar features on manganiferous garnets
(Nahon et al., 1984, 1985; Perseil and Grandin, 1985)
suggest that similar weathering mechanisms prevail in
these instances as well. These findings are significant be-
cause they include the first direct evidence that a protec-
tive surface layer exists on any naturally weathered sili-
cate mineral (Velbel. 1984a. 1987).
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Fig. 3. Etch pits on naturally weathered almandine garnet.
Sample is from shallow horizons ofsoil developed on the Pre-
cambrian Coweeta Group, in the Blue Ridge near Otto, North
Carolina (Velbel, 1984a). Scanning electron photomicrograph;
scale bar is l0 pm long.

Unanswered questions

1. It is now generally accepted that a protective surface
layer does not form on naturally weathered pyroxenes
and amphiboles (Berner and Schott, 1982; Velbel, 1987).
Does a nonprotective surface layer of secondary minerals
form on weathered ferromagnesian silicates, which is too
thin, too porous, or otherwise unable to be transport lim-
iting, but still compositionally altered (Berner and Schott,
I 982)?

2. Why do thick protective surface layers not form on
naturally weathered pyroxenes, amphiboles, or olivines
(Berner and Schott, 1982; Velbel, 1984b, 1987, 1989),
whereas such layers do appear to form on Fe- and Mn-
bearing garnets (at least under certain conditions; Stoops
etal., 1979;' Embrechts and Stoops, 1982; Parisot et al.,
1983;  Velbel ,1984a,1987;  Nahon et  a l . ,  1984,  19851
Perseil and Grandin, 1985)?

3. What combination of mineralogical factors of the
primary mineral (e.g., structure or major-element com-
position) and geochemical (e.g., redox, leaching, acidity)
conditions in the weathering environment determine the
circumstances under which a potentially protective sur-
face layer can form during silicate-mineral weathering?

Mnrnoos

The approach used here is analogous to the Pilling-
Bedworth rule, widely used by metallurgists to explain
and predict the corrosion of metals (e.g., Kubaschewski
and Hopkins,1962; Hauffe, 1965). The Pilling-Bedworth
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Fig. 4. Outer surface of limonite (gibbsite and goethite) sur-
face layer formed by centripetal replacement during weathering
ofalmandine garnet. Cross-sectional views through surface layer
show that it consists of radially oriented gibbsite and goethite
and provide additional evidence ofcentripetal replacement (Vel-
bel, 1984a). Note the absence ofshrinkage cracks or other voids,
despite desiccation during sample storage and preparation for
SEM. Sample is from deep weathering profile (saprolite) devel-
oped on Precambrian Tallulah Falls Formation in the Blue Ridge
near Otto, North Carolina (Velbel, 1984a). Scanning electron
photomicrograph; scale bar is 10 pm long.

criterion states that thick oxide layers that form on re-
actant metal during oxidation are adherent and pore free
(i.e., protective, in that diffusion through them is rate
determining) if Vr/V,(where Zo is the volume of product
and V, is the volume of reactant) > I (Kubaschewski and
Hopkins, 1962; Hauffe, 1965). By analogy with the Pil-
ling-Bedworth rule, the potential for any primary rock-
forming silicate mineral to form a protective surface layer
during weathering may be estimated by calculating the
volume of secondary minerals that would form from a
given volume of reactant, if one assumes conservative
behavior of the least mobile elements. A protective sur-
face layer can form only if geochemical conditions permit
conservative behavior of elements like Al, Fe, or Mn, and
if V,/V, > l. If product-forming elements behave non-
conservatively (e.9., because of chelates enhancing the
solubility of otherwise immobile elements such as Al, or
weathering under reducing conditions, mobilizing Fe or
Mn), or if V,/ V, < I , formation of a sufficient volume of
products to result in a continuous, uninterrupted layer of
products capable of occluding primary-mineral surface
area is impossible, and the surface is vulnerable to direct
atlack, with interfaceJimited kinetics. Etched, product-
poor surfaces result.



The Pilling-Bedworth rule appears to be important for
reaction products in which diffusion of matter is from the
outer surface of the product toward the metal-product
interface (Kubaschewski and Hopkins, 1962; also, From-
hold, 1976), a geometry precisely analogous to the ob-
served centripetal garnet replacement textures (e.g., Vel-
bel, 1984a, 1987). Reactant-product molar volumes have
also been used in investigations of rate-determining
mechanisms of weathering, hydrothermal alteration, and
pseudomorphous replacement of Ti minerals that are
natural analogues for ceramic high-level radioactive
wasteforms (Hollabaugh et al., 1989; Vance and Doern,
l  989) .

The total number of moles of a given element (e) in
any arbitrary volume of reactant or product mineral is
given by

where m".,: total number of moles of element e in min-
eral i, n".,: stoichiometric coefficient of element e in min-
eral i, V,: volume of mineral i, ar'd, V?: molar volume
of mineral l.

Writing two such equations (one for i : reactant min-
eral, r, and the other for I : product mineral, p), setting
tfi.., : ffi"* (that is, conserving element e, letting all of
element e present in the reactant mineral be incorporated
into the product mineral), combining the equations for
reactant and product minerals, and rearranging, gives

Vo - n"'Vf;-n: 
i*A (2)

where Vo/V, is the volume of product mineral produced
per unit volume of reactant mineral, if element e is con-
served.

Molar volumes and stoichiometric coefficients for re-
actant and product minerals summarized in Table I are
taken directly from the compilations of Smyth and Bish
(1988) and Maynard (1983), or calculated from unit-cell
parameters reported by Schwertmann and Taylor (1989).

Rnsur,rs
The calculated values of the product-reactant volume

ratio for common rock-forming silicate minerals weath-
ered under thoroughly leached oxidizing conditions are
shown in Table 2. The maximum possible volume of
aluminous secondary minerals that can be formed from
common feldspars is from anorthite. Among ferromag-
nesian silicates, Fe end-members form the maximum
possible volume ofproduct. IfFe behaves conservatively,
any real pyroxene, amphibole, or olivine with lesser Fe2+
components in solid solution will form a lesser volume
of ferruginous product than the amount shown in Ta-
ble 2.

Under well-leached, oxidizing conditions, no common
rock-forming silicate mineral contains enough Fe or Al
to form a thick, nonporous, protective surface layer of
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common secondary minerals (e.g., gibbsite, goethite, ka-
olinite, lepidocrocite) around itself. At best, a fraction of
the original grain volume is occupied by weathering prod-
ucts. Void ratios (one minus the value shown in Table 2)
for any individual reactant-product pair involving Fe-
and A1- end-members of common rock-forming silicates
range from 1.4 to 88.6 vol0/0. Void ratios are even higher
if Al or Fe are mobilized. These void ratios are sufrcient
to render the products ineffective as barriers to transport
ofaqueous reactants or products (assuming the void space
is interconnected).

Most other oxide and oxyhydroxide products of weath-
ering, both common (hematite, boehmite, diaspore) and
uncommon (bayerite) have molar volumes lower per Al
or Fe than gibbsite or goethite (Table l; Smyth and Bish,
I 988; Maynard, I 98 3), so product-reactant volume ratios
will be lower for these products and void ratios will be
higher than the values indicated in Table 2 for goethite
and gibbsite. These minerals are even less likely to form
protective surface layers on common rock-forming sili-
cates than are gibbsite and goethite. Even uncommon sec-
ondary minerals with larger molar volumes per Fe or Al
(e.g., nordstrandite) cannot occur in sufficient volumes, if
Al and Fe behave conservatively. The molar volume of
nordstrandite is only 0.2o/o greater than that of gibbsite,
and nordstrandite is rare as a weathering product (May-
na rd ,1983 ) .

Feldspars, pyroxenes, amphiboles, and olivines cannot
form protective surface layers of common weathering
products under wellleached, oxidizing conditions (Table
2) and should all exhibit site-selective dissolution and
etch pits under all circumstances (i.e., whether Fe and Al
behave conservatively or not). This is consistent with the
literature on natural weathering of these minerals, on
which etch pits and related features are ubiquitous, and
apparently protective coatings have never been reported
(Wilson, 1975; Berner and Holdren, 1977, 1979; Berner
et a1., 1980; Bernerand Schott, 1982; Velbel, 1984b, 1986,
1 9 8 7 , 1 9 8 9 ) .

Table 3 shows product-reactant volume ratios for some
less common silicates. If Al, Fe, and Mn are conserved,
certain combinations of weathering products [e.g., alman-
dine - iron oxyhydroxide (goethite or lepidocrocite) +
aluminum hydroxide (gibbsite or bayerite or nordstran-
dite)l have VJV, > l These reactant-product combina-
tions could form protective surface layers. Such appar-
ently protective layers occur on some naturally weathered
almandine (e.g., gibbsite + goethite, Fig. 4; Stoops et al.,
1979; Embrechts and Stoops, 1982; Parisot et al., 1983;
Velbel, 1984a, 1987) and spessartine (Nahon et al., 1984,
1985; Perseil and Grandin, 1985; Velbel, 1987).

Combinations of products that include aluminum oxy-
hydroxides (boehmite, diaspore) or iron oxides (hema-
tite) form product assemblages with too little solid vol-
ume to form protective surface layers on garnets (Vr/V,
< l; Table 3). Therefore, the factors that determine the
specific secondary mineral formed in any particular
weathering environment will also control, through the
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TreLe 2. Reactant-product molar-volume relationships for com-
mon rock-formino silicate minerals

Reactant ' product
Element

conserved Vr,.alV,""o

mineral relations of that product, the rate-determlnlng
mechanism of garnet weathering. However, drawing
mechanistic inferences from product mineral relations
alone (without information on textural relationships, for
example, centripetal replacement textures) is hazardous.
For instance, hematite is believed to form from alman-
dine in at least some weathering profiles (Graham et al.,
1989b). If almandine weathered directly to hematite, the
calculations here suggest that the hematite-bearing prod-
uct cannot have acted as a protective surface layer, even
in combination with gibbsite (for products : gibbsite +
hematite and reactant : almandine, V,/V,:0.953; Table
3). However, if the hematite formed by dehydration of
earlier formed goethite or lepidocrocite, the weathering
product layer or pseudomorph will presently consist of

Anorthite - gibbsite
Low atbite - gibbsite
Orthoclase - gibbsite
Anorthite - kaolinite
Low albite - kaolinite
Orthoclase - kaolinite
Ferrosilite - goethite
Anthophyllite - goethite
Cummingtonite - goethite
Fayalite - goethite
Ferrosilite - lepidocrocite
Anthophyllite' lepidocrocite
Cummingtonite . lepidocrocite
Fayalite - lepidocrocite

AI
AI
AI
AI
AI
AI
Fe
Fe
Fe
Fe
FC
Fe
Fe
Fe

0 640
0.322
0.298
0.986
0 496
0 458
0.628
0.1  14
0.175
0.894
0.682
o 124
0.1 90
0.972

TaeLe 3. Reactant-product molar-volume relationships for some less common rockJorming silicate minerals

Reactant - oroduct Element conserved Ve,"olv,.".,

Almandine - goethite
Almandine - gibbsite
ALMANDINE -  GOETHITE + GIBBSITE
Almandine - leoidocrocite
ALMANDINE -  LEPIDOCROCITE + GIBBSITE
Almandine ' bayerite
ALMANDINE -  GOETHITE + BAYERITE
ALMANDINE -  LEPIDOCFOCITE + BAYERITE
Almandine - nordstrandite
ALMANDINE .  GOETHITE + NORDSTRANDITE
ALMANDINE -  LEPIDOCROCITE + NORDSTRANDITE
Almandine ' hematite
Almandine - boehmite
Almandine - diasDore
Almandine - goethite + boehmite
Almandine - goethite + diaspore
Almandine'  hemat i te + gibbsi te
Almandine - leoidocrocite + boehmite
Almandine - lepidocrocite + diaspore
Spessartine - gibbsite
Spessartine - pyrolusite
Spessartine - gibbsite + pyrolusite
Spessartine - ramsdellite
SPESSARTINE -  GIBBSITE + RAMSDELLITE
Soessartine - kaolinite
SPESSARTINE. KAOLINITE + PYROLUSITE
SPESSARTINE' KAOLINITE + RAMSDELLITE
Staurotite - goethite
STAUROLITE '  GIBBSITE
STAUROLITE - BAYERITE
STAUROLITE . NORDSTRANDITE
Staurolite - leoidocrocite
Staurolite ' hematite
Staurolite - boehmite
Staurolite - boehmite + lepidocrocite
Staurolite - boehmite + goethite
Staurolite - diasoore
Zoisite - gibbsite
ZOISITE -  KAOLINITE
Epidote-1 - gibbsite
Epidote-1 - kaolinite
Epidote-1 - goethite
Epidote-1 - kaolinite + goethite
Epidote-2 - gibbsite
Epidote-2 - kaolinite
Epidote-2 ' goethite
Epidote-2 - kaolinite + goethite
MAGNETITE . HEMATITE (MARTITE)

Notei Capitalized entries are those reactant-product assemblages that exceed the Pilling-Bedworth criterion, favoring formation of protective surface

layers and diffusionlimited reactions

Fe
AI
AI

Fe
AI

Fe

AI

AI
Mn

Mn

AI

0.538
0 558
1.096
0.585
1 .143
0 540'| 078
1.125
U.55Y
1 097
1.144
0.395
0.338
0.310
0.876
0.848
0.953
0 923
0.895
0.547
0.425
0.972
0.454'| 001
0.842
1.267
1.296
0 186
1.301
1.258
1.304
0.202
0.136
0.788
0.990
0.s74
0.721
0.710
1.09
0.504
o776
0 126
0.902
0.610
0.939
0.060
n ooo
1 .O2

Fe
AI
AI
AI
Fe
Fe
AI

AI
AI
AI
AI
AI
Fe

AI
AI
Fe

Fe
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Treue 4. Textural and kinetic consequences of elemental mobility and product-reactant molar-volume ratios

4tr

lmmobile elements conserved?
Product-reactant volume ratio

Surface morphology of relict pr,-
mary mineral grain

Rate-determining mechanism
Examples (see text for refer-

ences)

Texture produced by complete
destruction of primary mineral

Demonstrated or possible exam-
ples (references below)

No (removed)
Any value

1. Bare grain surface
2. Etch pits

Interface-limited
Feldspar, amphibole, pyroxene,

olivine, garnet weathered in
the presence of organrc che-
lating agents (in soils) or un-
der reducing conditions*

Moldic dissolution void

Pyroxene, amphibole under Fe-
mobile conditionst,-t

Yes
vplv, < 1

1. Product-poor grain surface
2. Etch pits

Interfacelimited
Feldspar, amphibole, pyroxene,

olivine weathered in saprolite
under oxidizing conditions

Porous pseudomorph

Limonite or clay boxwork after
pyroxene or amphibolet

Yes
VJV, > 1

1. Protective surface layer
2. Smooth rounded reactant

mineral surface
TransportJimited
Almandine garnet and spessar-

tine garnet weathered in sap-
rolite under oxidizing condi-
tions

Solid pseudomorph

Limonite or manganese oxide
nodules after garnet+

'Also, numerous examples of intrastratally dissolved detrital silicates (e 9., feldspars, heavy minerals) in sandstones
-. Glasmann, 1982; Anand and Gilkes, 1984.
t Basham, 1974; Cleaves, 1974; Delvigne, 1983, 1990; Velbel, 1989.
f Velbel, 1984a, 1987; Nahon et al , 1984, 1985; Perseil and Grandin, 1985.

hematite, but its precursor (goethite or lepidocrocite) may
still have acted as a protective surface layer. Only textural
evidence in samples that preserve remnant reactant gar-
net and its contact relationships with the product will
reveal the pathway of hematite formation and the rate-
determining role of the product in such instances. In the
absence of information from replacement textures, the
present mineral relations alone of a product assemblage
with Vo/V, < I are not sufficient criteria for dismissing
the protective surface-layer hypothesis, or for confirming
that the product itself was not rate determining.

Nonconservative behavior of potential coating-form-
ing Al and Fe (Velbel, 1984a) causes etching of grain
surfaces on some occurrences of naturally weathered al-
mandine (e.g., Embrechts and Stoops, 1982; Velbel,
1984a, 1987; Graham et al., 1989a). If Al and Fe are
removed by inorganic complex-forming anions or organ-
ic chelating agents in shallow soil solutions (or in the
burial diagenetic environment; Hansley, 1987; Salvino
and Velbel, 1989), by exceptional acidity in the weath-
ering environment, or by reduction of Fe in wet, O-de-
pleted soils, the protective surface layer cannot form, and
site-selective, interfacelimited attack on the garnet sur-
face forms etch pits (Fig. 3; Velbel, 1984a, 1987). Inter-
mediate cases are also possible; for example, limonite
(gibbsite-goethite) septa sometimes preserve garnet grain
boundaries and fractures but surround voids from which
garnet has apparently been removed (Stoops etal.,1979;
Embrechts and Stoops, 1982; Parisot et al., 1983; Velbel,
1984a, 1987). These might be due either to solid-solution
effects or multistage weathering. If the actual garnet con-
tains insufficient almandine or spessartine component
(relative to the end-member values shown in Table 3) for
the product/reactant ratio to exceed unity, then a porous
pseudomorph forms, even if Al and Fe are conseryed.
Alternatively, if an early, Al- and Fe-conserving stage is
followed by a stage in which Al and Fe are mobile, similar
textures might result.

Drscussron

Three sets of mineralogical (product-reactant molar-
volume ratios) and environmental conditions can be
identified. Each set results in a specific rate-determining
mechanism and associated suite of surface features on
partially weathered relics of primary (reactant) mineral
grains (Table 4).

l. Removal of Al, Fe, or Mn causes the formation of
porous pseudomorphs (in the case of partial removal of
the least mobile elements) or primary mineral surfaces
completely devoid of any weathering products (in the case
of complete removal), interface-controlled reaction ki-
netics, and etch pits. Any aluminosilicate or ferromag-
nesian silicate mineral (including almandine garnet and
presumably other minerals like those listed in Table 3)
can exhibit these features under conditions favoring re-
moval of the key elements.

2. A chemical environment favoring Al, Fe, and Mn
conservation, operating on a reactant-product mineral
suite characterized by V, < V, (V,/V, < l) results in po-
rous pseudomorphs, interface control, and etch pits.

The ubiquity of etch pits and interface-controlled re-
action kinetics on naturally weathered feldspars, pyrox-
enes, amphiboles, and olivines (e.g., Figs. l, 2), weathered
to common oxides, oxyhydroxides, hydroxides, and l: I
clays, can be explained by either ofthe above scenarios.

3. A reactant-product mineral suite charactenzedby Vo
> V, (V"/V, > l) weathering in a chemical environment
favoring Al, Fe, or Mn conservation results in the for-
mation of a protective surface layer with smooth, round-
ed surfaces on the reactant-mineral grain beneath the pro-
tective surface layer and transport-controlled kinetics. Of
all the silicate minerals examined to date, only almandine
and spessartine garnets have ratios greater than unity un-
der normal leaching conditions, and then only for certain
combinations of products. This scenario accounts for ob-
served features of weathered almandine and spessartine
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garnets (and probably staurolite and some epidote group
minerals; see below).

The bulk volumetric calculations and presumed kinetic
consequences presented here, although intended to relate
to morphological features visible at petrographic and SEM
scales, may also be correlated with smaller scale features.
Reactant-product mineral suites characteizedherc by Vo/
V, < | include those (e.g., feldspar to clay) for which
HRTEM studies suggest incoherent structural relation-
ships between reactant minerals and their alteration
products, and open, porous, amorphous intermediates
between the reactant mineral and crystalline clay prod-
ucts (Eggleton and Buseck, 1980; Eggleton and Smith,
1983; Eggleton, 1986; Tazaki, 1986; Tazaki and Fyfe,
1987a, 1987b; Banfield and Eggleton, 1990). Such open
fabrics would probably not inhibit transport of solutes to
or from the fresh mineral surface (Eggleton and Buseck,
1980; Eggleton and Smith, 1983; Eggleton, 1986). Thus,
the same compositional and structural (volumetric) attri-
butes that influence product abundances, porosities, and
transport properties at the micrometer scale may also be
related to those same properties at the nanometer scale
as well.

The same sets of conditions also relate to specific tex-
tural features resulting from complete alteration of the
reactant mineral. These textures are also summarized in
Table 4. Table 4 includes examples of textures from the
lateritic, bauxitic, saprolitic profiles discussed here, as well
as examples from burial diagenesis of sandstones.

The hypothesis that product-reactant molar volume ra-
tios predict rate-determining mechanisms can be further
tested. Under Al-conservative conditions (e.g., weather-
ing in the vadose zone, below the soil zone where organic
chelating agents might mobilize Al), naturally weathered
staurolite should form a protective surface layer of alu-
minous hydroxide weathering products (gibbsite, bayer-
ite, or nordstrandite) but not of aluminous oxyhydroxides
(boehmite or diaspore), whether Fe behaves conserva-
tively or not (Table 3). Zoisite can form protective surface
layers of kaolinite, but layers consisting of aluminum hy-
droxides or aluminum oxyhydroxides will not be protec-
tive (Table 3). Although neither of the two specific epi-
dote samples included in the compilation of Smyth and
Bish (1988) contains sufficient Al * Fe to form protective
surface layers, epidote even slightly more aluminous than
those shown in Table 3 contains enough Al + Fe to form
protective surface layers consisting of kaolinite + goe-
thite. Less aluminous epidote, or epidote weathering to
gibbsite, cannot form protective surface layers. Studies of
the weathering textures and mechanisms of these groups
of minerals are in progress, to test the hypothesis pre-
sented here. The behavior of ferrornagnesian silicate min-
erals in poorly leached alteration environments (e.g., those
in which 2:l phyllosilicates form as alteration products)
will be the subject of a future contribution.

SunrNl.q.nv

Volumetric relationships during weathering provide
quantitative information on the distribution of major rate-

determining mechanisms (transport-control by protective
surface layers vs. site-selective interface-limited reactions
that produce etch pits) among major mineral groups, under
various conditions of conservative or nonconservative
behavior of key elements. The product-reactant volume
ratio is always less than unity for common rock-forming
silicates (feldspars, pyroxenes, amphiboles, and olivines)
weathered under thoroughly leached, oxidizing condi-
tions, even for Fe- and Al-rich end-members. This ex-
plains why etch pits are ubiquitous and why protective
surface layers of secondary minerals are not observed on
the common silicates. The product-reactant volume ratio
is greater than one for mineral pairs involving almandine
and spessartine garnets and many common weathering
products. These volume relationships explain why rate-
determining, protective surface layers form on Fe- and
Mn-bearing garnets (at least under chemical conditions
favoring conservative behavior of Al, Fe, and Mn), and,
further, why in the absence of such chemical conditions,
protective surface layers cannot form, resulting in inter-
facelimited dissolution and etching. Product-reactant
volume ratios, transport properties of the products, and
geochemical conditions that determine the solubility of
Al, Fe, and Mn explain the distribution of rate-determin-
ing mechanisms and the associated etch pits and protec-
tive surface layers on naturally weathered silicate minerals.
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