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Abstract-The sequence of mineral reactions involving zeolites and other authigenic phases in tuffaceous 
sedimentary rocks can be explained by growth- and dissolution-reaction kinetics. Kinetic factors may de
termine the specific authigenic phases which form and the temporal and spatial constraints on the solution 
composition during irreversible dissolution and growth reactions in glass-bearing rocks. The glass phase 
generates a high level of supersaturation with respect to a variety of aluminosilicates in the pore fluid. The 
sequence of assemblages formed during a series of metastable reactions resembles an Ostwald step se
quence. Metastable reactions occur because formation of less stable phases such as gels, clays, and dis
ordered zeolites may lower the total free energy of the glass-bearing system faster than the growth of the 
stable assemblage including ordered feldspars, quartz, and micas. Eventually, after a series of steps, the 
most stable silicate assemblage for the bulk composition, temperature, and pressure may form. However, 
the formation of intermediate metastable phases can delay the attainment of equilibrium by as much as tens 
of millions of years. 
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INTRODUCTION 

Of all geochemical systems, chemical equilibrium 
between fluids and mineral phases is least likely to be 
attained in sedimentary rocks containing volcanic 
glass. Observations of mineral parageneses in glass
bearing sediments provide an excellent example of the 
effects of nonequilibrium conditions on the chemical 
evolution of rocks undergoing diagenesis and burial 
metamorphism. Once the effects of reaction kinetics on 
the mineral assemblage are determined for glass-bear
ing rocks, conclusions about rate processes for other 
water/rock interactions may be reached. 

Zeolites are some of the most common authigenic 
and metamorphic minerals formed in glass-bearing 
rocks. The paragenesis of zeolites in tuffaceous sedi
ments deposited in saline, alkaline lakes has received 
the most detailed attention (Hay, 1977; Surdam and 
Sheppard, 1978). Concern about whether zeolites in 
these rocks represent metastable phases formed under 
nonequilibrium conditions or stable assemblages in 
equilibrium with pore solution has been paramount 
(Hay, 1966; Surd am and Parker, 1972; Surdam and 
Sheppard, 1978). 

In this paper, we briefly examine the general ther
modynamic and kinetic constraints that influence glass 
dissolution and mineral-growth reactions. Observa
tions of natural systems are used to illustrate the non
equilibrium processes that influence reaction paths in 
glass-bearing systems. The controls of dissolution and 
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growth kinetics on reaction paths are examined, and a 
general kinetic model for zeolite and clay mineral para
genesis in tuffaceous rocks is proposed. The kinetic 
model accounts for the general decrease in abundance 
of zeolites and clay minerals and the increase in feld
spars in sedimentary rocks with time. 

THE IRREVERSIBLE REACTION COUPLE 

A fundamental principle relating to solidlfluid reac
tions is that no bulk thermodynamic equilibrium state 
can be attained during the process of crystallization of 
one phase coupled with the dissolution of another (Dib
ble and Tiller, 1981). The total driving force or depar
ture from equilibrium necessary for the growth of one 
solid at the expense of another, ~Grxn' is related to the 
difference in solubilities of the two solid phases. The 
real activities of components in solution at both the sol
idlfluid interface and in the bulk solution will depend on 
the magnitudes of driving forces for the following: in
terface-detachment or -attachment kinetics, ~Gk; so
lution transfer, ~Gs; and surface processes not related 
to detachment or attachment, ~GE (Dibble and Tiller, 
1981). 

Without an understanding of interface-controlled re
action kinetics, it is not possible to predict accurately 
the activities of components in the bulk solution during 
silicate alteration reactions, or to determine precisely 
the control the bulk solution composition has on the 
phases that form (Dibble and Tiller, 1981). For exam-
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pie, if solute transport controls the irreversible disso
lution of an unstable phase such as glass (fast kinetics) 
but the growth of the alteration products is controlled 
by interface attachment (slow kinetics), then the solu
tion composition will reflect mainly the solubility ofthe 
glass for equal areas of glass and alteration products. 
On the other hand, if the relative order of reaction rates 
were reversed such that alteration products grow much 
faster than host phases dissolve, the bulk solution com
position will be determined chiefly by the solubilities 
of the alteration products (Berner, 1980). An interme
diate, general case is illustrated in Figure 1. 1 

Reactant and product phases constitute a reaction 
couple as shown in Figure 1. The source phase dis
solves supplying components which diffuse down the 
free energy gradient in the reactant-solute diffusion 
boundary layer (8S

f
) to the bulk solution. The product 

phase is a sink of components which diffuse down the 
free energy gradient in the product-solute diffusion 
boundary layer (8s

P) from the bulk solution. The quan
tities Kspf and KspP represent the equilibrium solubility 
products for reactants and products, respectively. The 
quantities Qint and Q are the real activity products in 
the fluid at the interface and in the bulk fluid, respec
tively. 

The values of Qint and Q for both reactant and prod
uct phases depend on many factors such as flow rates 
and interface-attachment or -detachment parameters. 
Many details of each dissolution and growth reaction 
must be known to predict the composition of the bulk 
fluid (Figure 1) accurately during the dissolution of un
stable phases coupled with the growth of more stable 
minerals. Changing the thermodynamic and/or kinetic 
constraints on either one or both halves of the reaction 
couple can affect the overall reaction path. However, 
for a mathematically linear system, a simple superpo
sition of the effects for many different reactant and 
product phases following the formulations of Dibble 
and Tiller (1981) is sufficient to describe the time-vary
ing dissolution and growth velocities of the phases plus 
the concentration excursions of the fluid. 

The thermodynamic constraints on mineral-growth 
reactions (right side of Figure 1) during the irreversible 
dissolution of unstable phases (left side of Figure 1) are 
limited to the values of ~Gfxn for all possible reactions 
involving any reaction couple. Any mineral may form 
if the solution is supersaturated with respect to it. Re
actions forming many metastable phases may occur 
within the limits of RT In Ksp imposed by equilibrium 
thermodynamics shown in Figure 1. The larger the dif
ference between Kspr and KspP, the greater the number 
of metastable reactions that can occur. For example, 
if the net rate of glass dissolution is high relative to the 

1 Figure 1 shows a general case where Q' does not equal QP; 
and, consequently, .iG,xn cannot be equated simply to the dif
ference between RT In KspP and RT In Kso'. 
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Figure 1. The free energy driving each dissolution reaction, 
.iGr, and each growth reaction, .iGP, during the irreversible 
formation of products from reactants is a function of the thick
ness of the diffusion boundary for the reactant, /l's, and prod
uct, /lPs, phases, respectively. The free energy of the system 
decreases with increasing distance, x, from the reactant/so
lution interface (see Dibble and Tiller, 1981). Ksp is the equi
librium solubility product for reactant, r, or product, p. Qlnt 

and Q are the ion-activity products in the fluid at the interface 
and in the bulk fluid, respectively. The bulk solution is rep
resented between the solute diffusion boundary layers, /ls' 
which can range from tens to thousands of micrometers thick 
depending on flow rates. 

net growth rate of alteration products, the bulk solution 
may become supersaturated with respect to many alu
minosilicates because of the high glass solubility rela
tive to stable products. The thermodynamic con
straints, in this case, require a large departure from 
equilibrium in glass-bearing systems. Whether or not 
the most stable aluminosilicates grow under conditions 
of high supersaturation caused by irreversible glass dis
solution is a problem of interface-controlled reaction 
kinetics. 

Thus, the qualitative thermodynamic constraints on 
glass/water interactions suggest that glass dissolution 
may generate large supersaturations with respect to 
many phases. Alteration products formed during glass 
dissolution constitute one half of a reaction couple and, 
therefore, indicate the relative levels of supersaturation 
that are generated by the other half of the couple. For 
example, formation of aluminosilicate gels (Eugster 
and Jones, 1968; Mariner and Surdam, 1970) indicate 
that high general levels of supersaturation relative to 
stable phyllosilicates and perhaps ordered feldspars 
may be generated by glass dissolution. Likewise, pre
cipitation of non crystalline silica or opal signifies that 
a high supersaturation with respect to quartz is pro
duced and may reflect generally high supersaturation 
with respect to other stable silicates. The specific phas
es and the temporal and spatial constraints on the so
lution composition which result from steady-state, ir-
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reversible dissolution and growth reactions are 
determined by kinetic factors to be discussed below. 

NONEQUILIBRIUM AUTHIGENESIS 

Figure 1 illustrates that the local, interface-solution 
composition may determine the nature of precipitated 
minerals rather than the bulk solution composition. The 
bulk solution composition affects the phases formed 
during glass dissolution only if the bulk pore solution 
is a source or sink of components. Assuming that the 
source of components is glass and that the sink is the 
immediate surrounding product with a fluid phase be
tween them, the bulk pore solution outside the source 
glass/reaction-product couple need not influence the 
reaction path because the subsystem containing the re
action couple and local fluid phase may be effectively 
closed. The mineral assemblage formed will be affected 
if the bulk pore solution outside the reaction couple is 
a sink (open system, high flow rates) or source of com
ponents. Examples are the crystallization of abundant 
smectite from glass in an open system (Hay and Shep
pard, 1977) or the crystallization of analcime from other 
zeolites in an NaCI solution of high ionic strength (Sur
dam and Sheppard, 1978). In the former system, the 
bulk solution is a sink for components which can be 
transported away if the flow rates are much greater than 
rates of reaction forming stable or metastable products. 
In the latter example, the pore fluid may be a source of 
Na for analcime crystallization. 

Figure I illustrates a case where the diffusion-bound
ary layers of reactant and product phases do not over
lap. Where the diffusion-boundary layers overlap, 
higher supersaturation with respect to all possible prod
ucts results (Dibble and Tiller, 1981) . Thus, the prox
imity of alteration products to glass surfaces can indi
cate which phases grow consistently under conditions 
of highest supersaturation with respect to stable phas
es. Also, alteration-mineral parageneses and regional 
zoning patterns can indicate the general level of super
saturation with respect to stable products as a function 
of both time and distance. 

Small-scale zoning of secondary phases around glass 
shards is common in altered tuffs (Sheppard and Gude, 
1973, p. 30) . Typically, clay minerals (or, less com
monly , gels) form early around glass shards in closed 
systems. Early-formed clays consistently occur at the 
innermost zone near the glass , whereas later-formed 
zeolites may fill shard cavities farther from the glass 
surface (Sheppard and Gude, 1968, 1969, 1973). 

In well-flushed, open systems, the supersaturation of 
components relative to many phases, .:lGrxn , could be 
small or even less than zero some distance from the 
glass/solution interface. In such environments, mobil
ity of several components is possible , and production 
of abundant zeolites is unlikely far from glass surfaces . 
However, supersaturation with respect to several prod
uct phases may still be large close to the glass surface. 

In fact, because of the proximity of growth to glass sur
faces, clay minerals commonly form pseudomorphs of 
glass shards even in open systems (Khoury and Eberl, 
1979). 

Similar observations of a close spatial association 
between clay minerals and glass have been made in 
glass/water interaction experiments at elevated tem
perature and pressure (Guillemette et al., 1980; Potter, 
1981). Under a variety of conditions in glass-bearing 
systems, clay minerals tend to occupy a geochemical 
"niche" located close to glass surfaces; whereas, zeo
lites commonly occur farther from the glass/solution 
interface. Observations of fine-scale zoning of smectite 
and zeolites around glass shards (Sheppard and Gude, 
1973) suggest that clay minerals form early in regions 
of maximum supersaturation with respect to stable 
phases, and nonanalcimic zeolites crystallize in regions 
of lower supersaturation and probably later in time. 

The regional zoning of clays, zeolites, and feldspars 
in tuffs follows a pattern similar to the fine-scale zoning 
sequence discussed above. Similar zonal distributions 
of zeolites and clays repeatedly occur in tuffs deposited 
in saline, alkaline lakes, in hydrothermally altered tuffs, 
and in tuffaceous sediments subjected to burial meta
morphism (Hay, 1977). In glass-bearing rocks near lake 
margins, authigenic reaction products are commonly 
clays and nonanalcimic zeolites (Surdam and Shep
pard, 1978). Abrupt changes in zeolite parageneses oc
cur farther from lake margins and have been attributed 
to the disappearance of the glass phase. For example, 
the transition from alkali zeolite assemblages to anal
cime- and/or feldspar-bearing assemblages seems to 
occur in a zone where the glass shards have been totally 
dissolved (Sheppard and Gude, 1%8, 1969, 1973). At 
Shoshone, California, chabazite and phillipsite occur 
near the fresh glass-zeolite zone boundary in the Pleis
tocene Lake Tecopa beds and are associated with abun
dant relict glass. Analcime, however, occurs near the 
zeolite-potassium feldspar zone boundary where glass 
does not exist. Petrographic studies of Sheppard and 
Gude (1968) indicate that the potassium feldspar and 
searlesite formed from a zeolite precursor rather than 
directly from glass. 

Similar zonal patterns and parageneses in tuffs ofthe 
Big Sand y Formation led Sheppard and Gude (1973) to 
conclude that dissolution of silicate glass by pore so
lution provided the materials necessary for authigenic 
zeolite crystallization with the exception of analcime. 
Analcime formed later from the dissolution of pre-ex
isting zeolites after glass dissolution was completed. 
Feldspars forming from analcime or other zeolites near 
the centers of hydrographically closed lake basins or 
after long time periods have been noted by Sheppard 
and Gude (1%8, 1%9) and Surdam and Parker (/972) . 
Feldspars have never been found to co-exist with glass 
(Surdam and Sheppard, 1978). 

The observations summarized above suggest that the 
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overall process of tuff alteration involves reactions of 
metastable phases with solutions which occur in a se
ries of irreversible steps. Clays and gels form in regions 
and during times of maximum supersaturation with re
spect to more stable phases generated by relatively rap
id glass dissolution. Alkali zeolites, on the other hand, 
crystallize in regions of intermediate to high supersat
uration possibly after glass dissolution rates have di
minished. Analcime and feldspars grow in regions of 
lowest supersaturation, after all glass has disappeared, 
and at the expense of previously formed clays and. '0-

lites. 
The pore-fluid composition influences both the ther

modynamic stability of alteration minerals and the rates 
of reaction. However, as illustrated in Figure I, in the 
presence of glass, the pore solution may become su
persaturated with respect to many product minerals re
gardless of the initial pH and ionic strength. The effect 
of pore-solution chemistry on reaction rates is critical 
for glass-bearing systems. 

The increase in rates of alteration of tuff with in
crease in pH and ionic strength is well known (Hay, 
1966; Mariner, 1971). Pore-fluid compositions in sedi
ments in closed, alkaline, saline-lake basins commonly 
vary from near-neutral pH and low ionic strength at the 
lake margins to higher pH and ionic strength near the 
center (Surdam and Sheppard, 1978). Therefore, glass 
will persist for longer times at the periphery of lake ba
sins where reaction rates tend to be lowest (Surdam and 
Sheppard, 1978). As a result, minerals which form pref
erentially near glass such as clays and nonanaicimic 
zeolites can dominate the alteration assemblage near 
lake margins. On the other hand, near the centers of 
lake basins in regions of high pH and ionic strength, 
glass-alteration reactions will proceed more rapidly 
leading to lower levels of supersaturation after shorter 
times. Complete dissolution of glass will also occur af
ter shorter times, and, consequently, anaicime and 
feldspars can crystallize earlier. Thus, the zonal pat
terns of alteration assemblages observed in vitric tuffs 
may result predominantly from the effect of pore-so
lution chemistry on reaction rates. 

In summary, the alteration of glass may produce 
metastable phases owing to high levels of supersatu
ration with respect to the most stable minerals. Pos
tulated metastable phases include aluminosilicate gels, 
smectites, and open-structure, disordered,2 alkali zeo
lites. Early-formed phases are later transformed via 
dissolution and growth reactions to more stable tecto
silicates (ordered anaicime and feldspars) and phyllo
silicates (iIlite and chlorite, see Tank, 1972; Milton, 
1971). As reaction rates increase, due to changes in so
lution chemistry, temperature, and pressure, the more 

2 For a discussion of order/disorder in zeolites, see Gottardi 
(1978). 

stable phases may be produced in less time. The ques
tion remains why more stable phases do not grow 
initially, whereas metastable phases precipitate ubiq
uitously. An answer to this question requires an 
understanding of some aspects of dissolution and 
growth kinetics. 

DISSOLUTION AND GROWTH KINETICS 

The most thermodynamically stable phases may not 
nucleate and grow, hence, they may not appear in au
thigenic assemblages under conditions of high super
saturation created by glass dissolution. In systems su
persaturated with respect to several aluminosilicates, 
reactions tend to occur that lead to the most rapid de
crease in the supersaturation or total free energy of the 
system, and most phases that form early are those with 
high growth rates. Thus, under conditions which ther
modynamically favor the growth of several minerals, 
only those having high growth rates may dominate the 
initial mineral assemblage. Therefore, the crystalliza
tion sequence during tuff diagenesis will probably be 
controlled by growth kinetics. 

The minerals with inherently sluggish growth kinet
ics may not occur in early-formed assemblages. From 
the observations of natural parageneses, the phases 
with high growth rates seem to be the least stable ther
modynamically. For example, early-formed phases are 
noncrystalline aluminosilicates, noncrystalline silica, 
disordered smectites, and disordered zeolites (all non
anaicimic, alkali zeolites in saline lake environments 
are disordered according to Gottardi, 1978). The phases 
growing under conditions of reduced supersaturation 
after the glass disappeared are commonly more ordered 
(anaicime, feldspars, illite, chlorite). The irreversible 
series of reactions forming more-stable, ordered min
erals from less-stable, disordered phases strongly re
sembles an Ostwald step sequence. Such a series of 
metastable reactions in the formation of illite has been 
noted by Eberl and Hower (1977). 

The Ostwald step rule states that the most likely 
phase to form may not be the most stable thermody
namically (Fyfe and Verhoogen, 1958) and that equilib
rium will be gradually approached through a series of 
irreversible steps. The step rule is probably better de
fined in terms of growth kinetics. In a system super
saturated with respect to many solids, the phase which 
dominates the initially-formed assemblage will be the 
one which grows the most rapidly at a given tempera
ture and pressure. This does not imply that other solids 
cannot grow as well. The fastest growing silicate con
tains the largest mass of network-forming components 
(Si02 , A120 3) after a given reaction duration. Other 
phases with the same components but with slower 
growth rates may simply not be observed in the same 
interval of time. In addition, by rapidly removing net
work-forming components from solution, possibly 
close to the reactant surface, the phase with the fastest 
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Figure 2. Absolute value of the departure from equilibrium, 
IIlGarxn I, vs. time of reaction forming stable phase ex in tuff
aceous rocks. Phase ex may be a fully ordered feldspar, mica, 
or quartz. The duration of crystallization of authigenic assem
blages is determined by the intersection of supersaturation 
levels (S, , S2 , and S0 indicated below each assemblage with 
the curve representing the time dependence of reaction-driv
ing force . The formation of phases other than ex also requires 
supersaturation with respect to them and is based on obser
vations discussed in the text. 

growth may suppress the formation of other, more sta
ble silicates. 

The key to explaining the Ostwald sequences of re
actions is an understanding of the differences in inter
face-reaction kinetics between soluble and much less 
soluble solids (Dibble and Tiller, 1981). For example, 
soluble salts such as most evaporite minerals are char
acterized by rapid interface-attachment kinetics (Ber
ner, 1980). Because interface reactions are so rapid for 
soluble salts, growth and dissolution rates are com
monly controlled by solute-transport kinetics. On the 
other hand, the dissolution of most sparingly soluble 
minerals is controlled by interface-detachment kinetics 
(Dibble and Tiller, 1981), and the reaction rates of most 
silicate/water interactions are, consequently, signifi
cantly lower. 

The growth rate controlled by interface reactions is 
given by an expression based on a kink-site attachment 
model (Dibble and Tiller, 1981): 

(I) 

where Vg is the growth velocity, k is a rate constant, R 
is the gas constant, and T is the temperature. The quan
tity .:lOk is that part of the total free energy for growth, 
.:lOP, which drives the process of attachment of mole
cules to the interface. The rate constant, k, is an ex
ponential function of the free energy offormation of the 
activated kink-site complex, .:lOA * (activation free en
ergy), and is inversely related to some surface-attach
ment parameters such as the distance between kink 
sites (kink spacing), xo, 

(2) 

Inasmuch as the growth velocity, Vg, is inversely re
lated to the kink spacing, a large Xo value given by the 
following relation (Dibble and Tiller, 1981) means the 
Vg value of Eq. (I) will be small: 

(3) 

where .:lHk is the enthalpy of formation of a kink site 
and A is the lattice spacing in the direction of kink-site 
motion. The quantity, .:lHk , depends on the magnitude 
of the broken-bond energy, E, , in the direction parallel 
to the ledge; and El, in turn, is a fraction of the enthalpy 
of solution, .:lHs. Qualitatively, the ratio Et! .:lHs is pro
portional to the area of the kink molecule exposed to 
the solution in a direction parallel to the edge compared 
to the total area of the molecule if it were completely 
surrounded by solution. For example, if a simple cubic 
crystal has nearest-neighbor bonds only and each mol
ecule can be considered a small cube with 6 equal faces, 
then a kink would present 1/6 of its maximum possible 
contact area to the fluid in a direction parallel to the 
ledge. In this simple case, .:lHk - .:lH.t6. Therefore, the 
smaller the solubility, the larger is .:lHs and, conse
quently, .:lHk • Thus, the least soluble minerals probably 
have the smallest rate constants on the basis of kink 
spacing, and this may be an explanation of the Ostwald 
step rule. 

Other parameters, such as .:lOA *, .:lOk, and nuclea
tion kinetics, may also vary depending on the solubility 
of the solid but have not been thoroughly evaluated. 
Consequently, the step rule is still an empirical, albeit 
useful, observation for the purpose of the kinetic model 
discussed. For example, a model for the paragenesis of 
zeolites and other authigenic minerals forming in glass
bearing rocks can be constructed based on a series of 
reactions resembling a classic Ostwald sequence. 

KINETIC MODEL OF ZEOLITE 
PARAGENESIS 

A kinetic model for the paragenesis of authigenic sil
icates in tuffaceous sediments is summarized schemat
ically in Figure 2, which illustrates qualitatively the re
lationship between the departure from equilibrium and 
the reaction time. The quantity I.:lO"fxn I can be cor
related with the supersaturation with respect to the 
most stable authigenic aluminosilicates. The shape of 
the curve indicates the postulated integrated effects of 
the stepwise series of metastable reactions on the driv
ing force leading to the formation of phase cx. The real 
functional relationship between the reaction driving 
force and time is unknown, although it could be esti
mated for a well-defined set of conditions and param
eters . Figure 2 presents graphically the premise that no 
state of thermodynamic equilibrium (.:loafxn = 0) can 
be attained during the coupled irreversible reaction be
tween unstable phases and solids of greater stability. 
Metastable phases of greatest solubility generate the 
largest supersalurations with respect to the most stable 
minerals containing the same components. The super
saturation depicted in Figure 2 becomes zero only after 
all metastable phases disappear and equilibrium with 
bulk solution is attained. 
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As indicated by Figure 2, glass dissolution may main
tain I ~Ga rxn I above S2 and several nonanalcimic zeo
lites may form. At very high levels of supersaturation 
(greater than S3 in Figure 2) with respect to the most 
stable phases such as a, the solution may become su
persaturated with respect to smectites or even alumi
nosilicate gels. Below I ~Garxn I values represented by 
S~ but above SI (glass absent), analcime may crystallize 
at the expense ofpre-existing metastable phases. Feld
spars and/or phyllosilicates may crystallize at the ex
pense of all pre-existing phases after I ~Garxn I values 
drop below SI' Crystallization ceases after equilibrium 
with pore solution is attained. Figure 2 is consistent 
with an Ostwald step sequence in which least stable 
phases form first at the highest supersaturation with 
respect to the most stable phases, and the stable phases 
crystallize last. The model is also consistent with the 
relative levels of supersaturation deduced from obser
vations described above. 

The time scale in Figure 2 is consistent with the ages 
of tuffaceous rocks containing the various authigenic 
assemblages (Sheppard and Gude, 1968, 1%9, 1973; 
Surdam and Parker, 1972). However, the time scale 
must be adjusted depending on the initial pH and salin
ity of the pore fluid in a closed system. For higher pH 
and higher salinity pore fluids, the overall time scale 
must be adjusted to account for higher dissolution and 
growth rates. An assumption regarding constant tem
perature and pressure is inherent to the model; how
ever, higher temperatures will increase the reaction 
rate, and the time scale can be adjusted. 

In this model, the dissolution of glass at rates much 
greater than the growth rates for authigenic minerals 
such as feldspars and analcime causes the pore solution 
to attain supersaturation with respect to less stable 
phases such as one or more of a variety of disordered 
alkali zeolites (mordenite, clinoptilolite, chabazite, er
ionite, phillipsite). Early in the process of glass alter
ation, even the growth of siliceous, alkali zeolites is 
probably not sufficient to decrease I ~Garxn I values, 
and smectites and gels may form at the highest levels 
of supersaturation close to the glass/solution interface. 
The first observable phases to form around glass shards 
are clay minerals (or, rarely, aluminosilicate gels, Ma
riner and Surdam, 1970) which evidently grow at rates 
greater than or equal to maximum glass dissolution 
rates. 

Once highly unstable sols, gels, and disordered 
smectites have precipitated, the supersaturation, 
I ~Garxn I ' may drop when the growth rate ofthese phas
es exceeds glass dissolution rates. As indicated in Fig
ure 2, the growth duration ofthe least stable phases may 
be short, i.e., hundreds of years. The later growth of 
siliceous, alkali zeolites may cause further reduction in 
supersaturation. However, both clay minerals and zeo
lites tend to form and persist in the presence of glass 
(Sheppard and Gude, 1968, 1969, 1973). The nonanal-

cimic zeolites can persist for tens of thousands of years 
or more depending on reaction rates limited by initial 
pore-solution chemistry. 

The complete dissolution of glass causes a funda
mental change in the authigenic mineral assemblage. 
High supersaturation cannot be maintained, and the 
early-formed, least-stable phases may dissolve. How
ever, the dissolution of each metastable phase provides 
the source of components for the growth of another. In 
the systems considered, analcime commonly crystal
lizes at the expense of all previously-formed phases, 
but it may require hundreds of thousands of years to 
crystallize in sedimentary environments . 

After nucleation and growth offeldspars, the super
saturation decreases further, and analcime may be
come unstable. The feldspar-growth range of Figure 2 
can be divided into ordered and disordered regions hav
ing ordered feldspars forming at lower supersaturation 
and at longer times. It is probable that disordered feld
spars form under conditions of higher supersaturations 
associated with dissolution of unstable phases such as 
alkalic zeolites and/or analcime. As indicated in the fig
ure, the formation of ordered feldspars, particularly 
albite, may require a reaction duration of up to tens of 
millions of years (Surdam and Parker, 1972) even 
though the system may have been greatly supersatu
rated with respect to feldspars during this period. As 
implied by the high level of supersaturation with re
spect to feldspars maintained by glass dissolution and 
subsequently-formed alkalic zeolites, feldspar crystal
lization may be suppressed over a very long time. The 
extremely sluggish growth kinetics of stable alumino
silicates at low temperatures becomes evident when 
considering this model and the empirical evidence. 

SUMMARY AND CONCLUSIONS 

The model for the formation of authigenic silicates 
in tuffaceous rocks presented in this paper is consistent 
with an Ostwald series of metastable reactions resulting 
from high supersaturations generated by glass disso
lution. The kinetic controls operate to delay the attain
ment of equilibrium by imposing a series of metastable 
reactions on the overall reaction path. Such metastable 
reactions occur because formation of less stable phases 
can lower the total free energy of the system faster than 
growth of the stable phase assemblage. The relative 
rates of growth of different authigenic silicates are de
termined by as yet poorly understood aspects of inter
face-attachment kinetics. 

The model accounts for the decrease in abundance 
of zeolites and clays and increase in feldspars in sedi
mentary rocks with time. The sequence of reactions 
described implies that clay and zeolite minerals may not 
be the most stable thermodynamically in many tuffa
ceous rocks in agreement with the study of Kastner and 
Siever (1979) and the conclusions of Hay (1966). The 
model also has important implications for diagenetic 
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and low-temperature metamorphic reactions. Attain
ment of equilibrium at constant temperature and pres
sure may be significantly delayed by the growth of in
termediate, metastable minerals. The time to reach 
equilibrium may be increased drastically, perhaps from 
a few thousands of years in the system where the most 
stable assemblage forms directly, to tens of millions of 
years in the system where the growth of intermediate 
metastable minerals prevails. 
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Pe3IOMe--lloPHAOK MIIHepaJIOrlllJeCKIIX peaKlVIH, BKJIlOlJalO~IIX l\eOJIIITbl 11 APYrlle aYTllreHHble 4la3bl B 
TY410BbIX OCaAOlJHblX nopoAax, MOlKHO 06bHCHIITb KIIHeTIIKOH peaKl\IIH pOCTa 11 paCTBopeHIIH. KIIHeTII
lJeCKlle 4laKTopbl MorYT onpeAeJIHTb 06pa3YIO~lIeCH Cnel\II41lllJeCKlle aYTllreHHble 4la3bl, a TaKlKe Bpe
MeHHble 11 npOCTpaHCTBeHHble orpaHlIlJeHIIH, BJIIIHIO~lIe Ha COCTaB paCTBopa BO BpeMH He06paTIIMblX 
peaKl\IIH paCTBopeHIIH 11 pOCTa B nopoAax, cOAeplK~lIx CTeKJIO. CTeKJIHHble 4la3bl c03AalOT BblCOKHH 
ypoBeHb nepecbl~eHIIH pa3JIIIlJHblMII aJllOMOCIIJIIIKaTaMlI B nopoBoH lKIIAKOCTII. llOPHAOK 4l0pMalVlH, 
06pa3YIO~lIxCH B TelJeHlle cepllll MeTaCTa611JIbHblX peaKl\IIH, HanOMIIHaeT cTyneHlJaTblH nOPHAoK OCT
BaJlbAa. MeTaCTa611JIbHble peaKl\1I11 npollcxoAHT, TaK KaK 06pa30BaHlle TaKIIX MeHee cTa611JIbHblX 4la3, 
KaK reJIeH, rJIIIH, 11 HeynopHAOlJeHHblX l\eOJIIITOB, MOlKeT CHII311Tb 06~ylO cBo60AHYIO ::meprlllO cllcTeM, 
BKJIlOlJalO~IIX CTeKJIO, 6blcTpee, lJeM POCT cTa611JIbHblX 4l0pMal\IIH, COAeplKallVlX ynOPHAOlJeHHble 
4leJIbAllmaTbl, KBapl\, 11 CJIIOAY. B KOHelJHOM IITore no ceplIlI CTaAIIH MOlKeT 06pa30BaTbCH 4l0pMalVlH 
CIIJIIIKaTa Hall60JIee cTa611JIbHaH AJIjj 06~ero COCTaBa, TeMnepaTypbl 11 AaBJIeHIIH. OAHaKO 06pa30BaHlle 
npOMelKYTOlJHblX MeTaCTa611JIbHblX 4la3 MOlKeT 3aAeplKaTb AOCTlIlKeHlle paBHoBeCIIH AO 10 MIIJIJIIIOHOB 
JIeT. [E.C.] 

Resiimee--Die Abfolge von Mineralreaktionen, die Zeolithe und andere authigene Phasen in tuffhaltigen 
sedimentaren Gesteinen mit umfaBt, kann durch Wachstums- und Losungskinetik erktart werden. Kine
tische Faktoren konnen die sich bildenden spezifischen authigenen Phasen erkJaren sowie die zeitlichen 
und raumlichen Auswirkungen auf die Losungszusammensetzung wahrend irreversibler Losungs- und 
Wachstumsreaktionen in glashaltigen Gesteinen. Die Glasphase verursacht einen hohen Grad von Uber
sattigung im Hinblick auf eine Reihe von Alumosilikaten in der PorenlOsung. Die Abfolge von Mineral
kombinationen, die sich wahrend einer Reihe von metastabilen Reaktionen bildet, ahnelt einer 
Ostwald' schen Stufenregel. Metastabile Reaktionen treten auf, da die Bildung von weniger stabilen Phasen, 
wie Gelen, Tonen, schlecht geordneten Zeolithen, die gesamte freie Energie des glashaltigen Systems 
schneller verringern konnen als das Wachstum stabiler Paragenesen, die geordnete Feldspate, Quarz, und 
Glimmer enthalten. Gelegentlich kann sich dann, nach einer Reihe von Schritten, die im Hinblick auf den 
Gesamtchemismus, die Temperatur und den Druck stabilste Silikatparagenese bilden. Die Bildung von 
metastabilen Ubergangsphasen kannjedoch die Einstellung des Gleichgewichtes um Zehner von Millionen 
von Iahren verzogern. [U.W.] 

Resume-La sequence de reactions minerales impliquant des zeolites et d'autres phases authigeniques dans 
des roches tufacees sedimentaires pe ut etre expliquee par la cinetique de reactions de croissance et de 
dissolution. Des facteurs cinetiques peuvent determiner les phases authigeniques specifiques qui se for
ment, et les contraintes temporelles et spatiales sur la composition de la solution pendant les reactions 
irreversibles de dissolution et de croissance dans des roches contenant du verre. La phase verre genere un 
niveau eleve de supersaturation respectivement a une variete d'aluminosilicates dans le f1uide des pores. 
La sequence d'assemblages formes pendant une serie de reactions metastables res semble a une sequence 
par etapes d'Ostwald. Des reactions metastables sont produites parceque la formation de phases moins 
stables comme des gels, des argiles, et des zeolites desordonnes peut abaisser l'energie totale libre du 
systeme contenant le verre plus rapidement que la croissance de l'assemblage stable impliquant des feld
spaths, du quartz, et des micas ordonnes. Eventuellement, apres une serie d'etapes, I'assemblage silicate 
le plus stable pour la composition en masse, la temperature, et la pression, peut etre formee. La formation 
de phases intermediaires metastables peut cependant retarder I'obtention de cet equilibre pendant des 
dizaines de millions d'annees. [D.J.] 
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