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ABSTRACT. Agates are a remarkable case of textural and composi-
tional self-organization, and their origin has far-reaching geochemical,
crystal-growth, and petrologic implications. We conjecture that two
mechanisms cooperate and interact during agate genesis: morphologi-
cally unstable crystallization fronts and cation-enhanced quartz growth.
The model herein investigates the conditions under which these mecha-
nisms work and their possible textural and chemical consequences. If a
crystallization front is morphologically unstable (that is, if grad (growth
rate) >0), then bumps on it lengthen into fingers, each finger generates
others nearby, and all of them become a coherent fibrous texture with
the fiber thickness set by the instability itself. Linear analysis of the
morphological instability yields a dispersion equation that brings out
factors favoring and impeding the generation of fibrous textures, and
that for agates yields, as observed, “preferred” fiber thicknesses of a few
micrometers.

Independently, if, as hypothesized, some cation(s) can enhance the
rate of quartz growth then quartz growth becomes banded through

c
Siliceous medium — quartz + H,;O + cations,

where one of these released cations accelerates the reaction itself. The
reaction produces oscillating silica and trace-element concentrations
(and growth rates) at the inwardly advancing front. The fibers that grow
(via the morphologically unstable front) through these concentration

rofiles are forced to take up oscillating amounts of Al or other traces
or Si; this substitution causes the fibers to grow twisted and causes the
twist period itself to oscillate also. Simultaneously, the oscillating
concentrations at the front, through their effect on the morphological
instability, cause the fiber thickness also to oscillate. The model thus
predicts that quartz must crystallize in layers of fine, low-trace-element-
content, untwisted fibers that repeatedly alternate with layers of finer,
high-trace-element-content, twisted fibers. These associated predic-
tions are precisely as observed, qualitatively and quantitatively.

SYMBOLS
¢, ¢, = “catalyst” and silica concentrations, mol/cm? (fig. 1)
¢!, ¢) = “catalyst” and silica concentrations at crystallization front
ct, ¢, = catalyst” “catalyst” and silica concentrations at X = L-,

justto the left of X = L (fig. 1)
¢; = equilibrium silica concentration for a planar quartz
growth front (eq 8)

* Present address: School of Earth and Atmospheric Sciences, Georgia Institute of
Technology, Atlanta, Georgia 30332.
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¢’ = equilibrium silica concentration for a wavy quartz growth
front (eq 6)
D,, Dg = “catalyst” and polymeric-silica diffusion coefficients,
cm?/s
d;j; = integration constants (eqs B9-B10)

F = deviation of crystallization front from planar front (fig. 1)

f = scaled value of F (eqs 17)
G = growth rate of quartz, mol SiO,/cm? s (eq 6)
G = average growth rate (eqs 7, A3)

g = scaled growth rate of quartz (eqs 13, 17)

g = scaled grwoth rate averaged over the crystallization front

(egs 17, 19C)

K = front curvature, defined by eq (9), in cm™!

k = scaled front curvature (eqs 17)
thickness of boundary zone (fig. 1)
wave number, equal to 2wL/(fiber thickness) (eq 40)
preferred wave number, corresponding to {y.x
= unit vector normal to the wavy front pointing out of
quartz (eq 5)
scaled abscissa ref'erred to the wavy front (eq 27)
time
scaled silica and “catalyst” concentrations (eqs 17)
scaled silica and “catalyst” concentrations referred to the
planar front

u¢ = scaled quartz solubility c{ (eqs 17)
u?, ¥ = scaled slica and “catalyst” concentrations at planar front
¥, &, f = amplitudes of perturbations 3u, 8v, 3g, and df respec-
tively (egs 40)
X, Y = spatial coordiates (fig. 1); X is distance from the planar
front; Y coincides with the front
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X, y = scaled values of X, Y (eqs 17)
a = scaled al (eqs 17)
o' = rate constant, cm/s (eq 6)
B1, B2 = dimensionless positive constants to adjust cation-
enhancing effect (egs 12, 17)
B1, By = positive constants to adjust cation-enhancing effect (eq 6)

T" = surface tension (cm) of quartz/water interface (eq 8)
v = scaled surface tension, I'/L (eqs 17)
du, dv, dg, 8f =small perturbations of u, v, g, f from their respective

planar-front-referred values (eqs 34)

e = ratio of silica concentration at X = L~ to quartz molar
density (eqs 17)

{ = growth rate of perturbations from the planar front

m = moles of “catalyst” adsorbed on one mole of silica species
(eq 4b)

8 = ratio of silica diffusivity to “catalyst” diffusivity

A = scaled m (or adsorption strength) (eqs 17)
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p = molar density of quartz (0.0445 mol/cm?)
7,7, 7" = scaled times (eqs 17, 21, 23)
V, V2 = gradient and Laplace operators

INTRODUCTION

Agates are rounded quartz bodies, 1 to 100 cm across, that occur in
flood basalts. Most agates consist of concentric layers of length-fast
fibrous chalcedony, an inner layer of coarse length-slow quartz crystals,
and a central void. Strikingly, the fibers in alternate layers are twisted, very
fine, and cathodo-luminescent, whereas the fibers in the intervening
layers are untwisted, coarser, and non-luminescent. The repeated alter-
nation of associated features, described by Merino (1984) and Wang and
Merino (1990), is so striking and so self-similar in agates from different
localities and ages, that their origin must be self-organizational (Nicolis
and Prigogine, 1977; 1989)—that is, the oscillating textures and compo-
sitions must result from the internal dynamics of the growth itself, not
from oscillating conditions outside the agate. Data on the twisting of the
fibers (easily visible under the microscope and in fig. 6C below), their
orientation, dislocations, structure, mineralogy, and on the trace ele-
ments, oxygen isotopes, occurrence, textures, and optical properties of
agates, are given by Michel-Lévy and Munier-Chalmas (1892), Frondel
(1962, 1978, 1985), Jones (1952), Correns and Nagelschmidt (1933),
Raman and Jayaraman (1954), Florke and others (1982), Miehe, Gra-
etsch, and Florke (1984), Landmesser (1984), Fallick and others (1986),
Harris (1989), Pankrath (1991), Heaney and Post (1992), Heaney (1993),
Cady and others (1993), and many others.

What causes the systematic alternation in twisting and non-twisting
of quartz fibers from layer to layer, dnd the associated alternation in fiber
size, and the associated alternation in trace-element content (which we
found initially by cathodo-luminescence,—Wang and Merino, 1990)?
Why is the quartz fibrous? Why are the fine fibers of the concentric layers
length-fast, but the coarse quartz of the innermost layer length-slow?!
Why is the set of finely-crystalline fibrous layers systematically followed
inward by a very-coarsely-crystalline, non-fibrous layer (and then a
void)? We focus on these questions here; several more questions, petro-
logical and crystal chemical, on the origin of agates are raised in Merino,
Wang, and Deloule (1995b).

One idea of agate genesis is that agates form by precipitation of silica
in voids within basalts (Frondel, 1962; Sunagawa and Ohta, 1976; Fallick
and others, 1986); this idea implicitly assumes that the process requires
transport of aqueous silica, and that it is an epigenetic, post-basalt,
process—one unrelated to the igneous phenomenon represented by the
basalt itself. Another idea of agate genesis is that agates form from

! In a length-fast quartz fiber the c-axis (which coincides with the 3-fold symmetry axis)
is normal to the long dimension of the fiber. In a length-slow” one the ¢-axis parallels the
long dimension.
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preéxisting, dense lumps of silica within basalts (Nacken, 1948; Lieseg-
ang, 1913), an idea that introduces the difficulty of accounting for the
emplacement of those lumps in the first place (see discussion in Merino,

1984). A third idea combines elements of the previous two (Gonthier and
others, 1988): first, filling of vesicles with siliceous aqueous solutions,

then in-situ formation of a gel, and finally crystallization of the agate from
that gel. Varied textural, isotopic, crystallographic, compositional, geo-
logical, and other evidence has been used to buttress one or another of
these ideas, but the systematic agate textures and compositions we cite
above, and in particular their association and alternation, have not been
brought to bear on the question of agate genesis.

In the first article of this series (Wang and Merino, 1990), we
proposed that the banding of agates is produced by quartz growth which
was assumed to be accelerated by accumulation of cations at the growth
front. We also proposed that fiber twisting is caused by trace-element
substitution for Si**. The purpose of this paper is to produce a quantita-
tive physicochemical model of the genesis of the agate’s fibrous texture
(which had been taken” for granted in the earlier article) and of its
interaction with the proposed banding mechanism and the solid-solution
twisting mechanism. Our new hypothesis here is that fibrous textures of
quartz in agates are the physical expression of crystallization fronts that
were morphologically unstable. The instability spontaneously generates
equally spaced fingers, each of which becomes a fiber, and whose assem-
blage becomes a fibrous texture. We first describe the morphological
instability mechanism qualitatively, then develop a quantitative dynamic
model of its interaction with the cation-enhanced growth, and then
compare its predictions to observations. (This assumed cation-enhanced
growth is modeled again below, both to integrate it quantitatively with
the morphological instability and to correct our prev1ous version, Wang
and Merino, 1990. Below we often name this effect “catalysis” both for
brevity and to indicate that we do not know through which mechanism
rates are increased.)

In the third paper of the series (Merino, Wang, and Deloule, 1995a)
we describe in detail interrelated geometric and crystal-chemical aspects
of the new solid-solution fiber-twisting mechanism and give ion-probe
trace-element profiles of agate quartz that confirm predictions of the
general model.

The fibrous texture of agate quartz, the twisting of fibers, and the
associated alternations in crystal size, twist period, and trace-element
content, all turn out to be genetically interconnected and explained by
our model. The model in addition predicts a host of other properties of
agates (such as growth under closed-system conditions, inward decrease
of %0 content, occurrence of amethyst, association of zeolites with agates,
Ni alteration of adjacent basalt, and others) which are confirmed by
independent field, petrographic, and microanalytical evidence (Merino,
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Wang, and Deloule, 1995a). If the hypothetical mechanisms incorpo-
rated herein into the quantitative agate-growth model become confirmed
by additional work, the model will have unsuspected implications for
crystal growth, the geochemistry and interpretation of crystalline tex-
tures, the behavior of basaltic magmas, and quartz polymorphism and
crystal chemistry.

CRYSTALLIZATION OF AGATES

The system idealizing agate genesis is sketched in figure 1. An agate
grows inwardly from its outer margin. The quartz crystallizes from a
medium containing silica, cations, and water. We assume that the rate of
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Fig. 1. Model system for agate crystallization with schematic profiles of'silica concentra-
tion (moles SiOy/cm?®) and trace-element concentration. The initial medium contains silica
with attaced water and trace elements (such as Al, Na, K, Fe, and Ni, among others). Both
distance along the front and concentrations are plotted vertically. Silica units travel to the
crystallization front, where they build up quartz crystals and release the water and traces.
Both water and traces accumulate at the front forming a silica-depleted boundary layer of
thickness L. One or more of the traces is assumed to enhance quartz growth. The
crystallization front advances to the right. It becomes morphologically unstable and
develops fingers, which become quartz fibers. The ¢, values shown vertically are silica
concentrations in the initial medium (), at X = L~ just inside the right side of the boundary
layer, at the planar front (%), and at equilibrium witfll a planar quartz surface (%), respectively.

We suppose that csL/p < 0.2 (p = quartz molar density).
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quartz growth can be enhanced by cations.? For agate growth, we also
assume that these cations are carried to the growth front by whatever
silica species exist in the system. As silica becomes incorporated into
quartz, the accumulation of the rate-enhancing cation (= “catalyst”) at
the front accelerates further quartz growth, which in turn, by the reaction

C
Silica polymers > quartz + cations + Hy0O, (1)

releases even more “catalyst.” The growth rate becomes so high that silica
becomes depleted in the boundary layer. This depletion greatly slows
down growth and gives time for the “catalyst” to diffuse (inwardly) away
from the front and for silica to diffuse to the front. As silica recovers, so
does the growth rate of quartz; “catalyst” resumes accumulating at the
front and accelerates growth, bringing in a new spurt. This positive
feedback causes the concentrations of silica and “catalyst” at the crystalli-
zation front to be oscillatory, and this is confirmed quantitatively below.

Our assumption above that cations are carried to the front attached
to the silica species is easy to satisfy if the silica were polymeric, which
would be likely if the system werg sufficiently rich in silica. The implica-
tion that the medium is rich in silica is consistent with (1) the growth of
fibrous spherulites from silicate melts (Lofgren, 1980); (2) the fact that
quartz fibers in agate are length-fast, an optical orientation probably
produced by the attachment of silica chains flat onto the growing crystal
surface (Folk and Pittman, 1971); and () the experimental production of
fibrous chalcedony from dense silica gels by White and Corwin (1961)
and Oehler (1976). Because heat diffuses fast over the small size of agates,
relative to their growth rate, their crystallization (which is exothermic)
cannot appreciably modify the local temperature and is taken here as
isothermal.

FIBROSITY PRODUCED BY FRONT INSTABILITY

We also assume that the fibrous texture of agate is the physical
expression of a morphologically unstable crystallization front. A similar
cause of fibrosity in organic polymers was proposed by Keith and Padden
(1963, 1964). A surface is morphologically unstable if any small deviation
from planarity tends to grow, rather than dampen, as time goes on. Thus,
a morphologically unstable crystallization front requires that the gradi-
ent of growth rate away from the front be positive:

dG

X | > 0, 2)

2 Experimental hints supporting our assumption that some cations may accelerate
quartz (or silica) growth can Ee found in Campbell and Fyfe (1960) for Na*; Halperin,
Schieber, and Braner (1970) for Mg2*, Na*, Ga®*, V3*, and Zn?*; Mitsyuk (174) for K*;
Kastner, Keene, and Gieskes (1977, p. 1055) for Mg?*, AI’*, Fe3*, and Mn?*; and Hosaka
and Taki (1981a,b,c) for Na* and K*. Iler (1973, p. 12-13) reports that alkalis can help
quartz grow from silica sols. In addition, quartz crystals are routinely grown faster from
Na*-bearing baths.
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where G represents the growth rate of quartz, and X is the distance away
from the planar front (fig. 1). If eq (2) is satisfied, any incipient bump on
the quartz crystallization front spontaneously should become longer (but
with length limited by surface tension), quickly depleting its immediately
surrounding region of its silica (region dashed in fig. 2). This precludes
quartz from growing at regions “a,” next to the initial bump. Quartz can
now grow only far enough from “a,” at regions (labelled “b”) unaffected
by the depletion. The front advances at “b,” leaving the “a” regions
behind. Now the “b” regions themselves become new bumps and evolve
just as the original one did. Thus, even just one initial bump on an
unstable front will grow into a finger and generate others around itself,
and these others, and so on. The front may have many initial bumps.
Each of them should do what the one in figure 2A does, as explained
above. Where two adjacent ones are close enough to each other, they
compete for silica, and they raise the local surface energy, and one of
them must therefore become stunted or disappear. After this “weeding”
is completed, the spacing between remaining fingers (= fiber thickness)
becomes independent of the initial distribution of bumps. The result is a
bundle of parallel quartz fibers—a fibrous texture.

Eq (2) directly links the morphological instability of the front to the
kinetics of cation-enhanced quartz growth through reaction (1). We show
below that the joint operation of the two mechanisms produces the
association of repetitive textures and compositions found routinely in
agates.

QUANTITATIVE MODEL
Continuity equations.—We place the Y axis to coincide with the planar
front, defined as the planar average of the wavy agate crystallization
front, as shown in figure 1. The actual wavy shape of the front at any time
t is described by X = F(Y, t), which is the horizontal deviation from the
planar average front. Both mass transfer across the boundary zone and
growth at the front must satisfy mass continuity:

for X > F(Y, t):

o _ D,Vic, (3A)
Jt
9 _ D.Vic, (3B)
at
at X = F(Y, t):
G= DﬁcS ‘1 (4A)
0=DVc, i +mG (4B)
at X = L:
¢, =ck, ¢ =c" (4C)
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where ¢, and ¢, are concentrations of silica and catalyst respectively; D,
and D, are diffusion coeflicients of silica and catalyst respectively; L is the
thickness of the boundary zone; ciL is ¢ evaluated at X = L-, that is,
slightly to the left of L; G is the rate of reaction (1); m is moles of catalyst
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Fig. 2(A). Successive stages of 2 morphologically unstable crystallization front. If the
instabiﬁty condition, grad(growth rate) > 0, is satisged, any bump on the front becomes
longer and produces other fingers next to itself, and these produce others, generating a
fibrous texture. The region “a” is depleted in silica because of the fast growth of the
finger——see text. (B) Each quartz fiber grows by addition of conical sleeves. As each sleeve

ierces through a decreasing trace-element concentration profile (dashed in fig. 1), its rim
1s forced to take up a higher trace-element content than its tip. The rim-to-core AIP*
?radient thus forced into each fiber makes the fiber grow twisted because Al-O bonds are
onger than Si-O bonds.
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adsorbed on one mole of silica species; and n is the unit normal vector on
the wavy front pointing toward the agate’s center, defined by

oF\T oF\2|1/2
T
Reaction rate.—Following the general form of rate laws (Aagaard and
Helgeson, 1982, eq 1) we take the rate of reaction (1) to grow with
Increasing “catalyst” concentration, and we assume it grows linearly with
the afhinity of reaction (= silica concentration at the front minus the
equilibrium concentration; see Rimstidt and Barnes, 1980). In addition,
since we deduce independently (for reasons given in the Introduction,
Merino 1984; Wang and Merino 1990) that agate textures must be
self-organizational, and since self-organization requires nonlinearity (Nico-
lis and Prigogine, 1977, p. 90-94), we also assume here that the rate is
nonlinear for “catalysis:”

G = o[l + Bi(c) + Ba(c)?N(c = ¢f) (6)

where ¢ are concentrations (of “catalyst” ¢ and silica s) at the front; ¢ is
an equilibrium silica concentration; o' is a rate constant; and B} and B}
are positive constants that describe the strength of the rate-enhancing
effect. Eq (6) contains “1 +” inside the “catalytic” factor to preclude the
rate from vanishing for zero catalyst, an algebraic detail we think should
be added to the general laws proposed by Aagaard and Helgeson (1982)
and Nagy and Lasaga (1992). (Note also that eq 6 can be regarded as a
truncated Taylor’s expansion of a monotonic increasing function of
quartz growth rate with “catalyst” concentration.)

Front advance kinematics.—The reaction rate, G, is related to the
advance of the front, 9F/dt, by the folowing kinematic equation (see

app. A):
gF\2]1/2 o aF ;
| TV TP ™

G{l +

where G is average growth rate, p is molar density of quartz, and F is the
deviation of the wavy front from its planar average. Eq (7) follows from
the fact that the front advances only because quartz grows; the front
advance is an aspect of the growth.

Surface tension.—Variations in the shape and curvature of the front
modify the surface energy associated with it. This is why the equilibrium
silica concentration that appears in eq (6) depends on the surface tension
and the curvature, according to (Cheronov and Nishinaga, 1987; Chadam
and Ortoleva, 1983),

¢ =c&(1 + TK) (8)

s
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where ¢ is the equilibrium silica concentration for a planar quartz
surface, I characterizes the surface tension of the quartz/initial-medium
interface,® and K is surface curvature, defined by

’ 9’F aF\2
K=—3Y2/1+(5§) . 9)

Surface tension obviously must oppose growth and lengthening of front
fingers, because this raises the specific surface.

Dimensionless equations.—Eqs (3-9) form a closed system that de-
scribes both the morphological and the cation-enhanced-quartz-growth
instabilities, as well as their interaction. They can be cast into the
following scaled and dimensionless form:

forx > f(y, 1),

g 10A
T v ( )
AR 10B
or v ( )
atx = f(y, 1),
g=Vu-i (11A)
" 0=Vv i+ (11B)
g =a(l + Bv + Bov)[u — us(l + vk)] (12)
| afel2 _ 1of 3
5 + 8y‘ —g_e T (13)
. afT af? 1/2
w5
92 af\2]3/2
k=——/[14]|= 15
dy* [ (ay)} (1>
atx =1,
u=1, v=0 (16)

€

3 The length I is related to the standard surface energy through I' = 2vo/RT (derived
from eq (5-14) in Berner, 1980), where v is molar volume of quartz, o is the interfacial free
energy of quartz/water interface (350 m]/m? from Parks, 1984), R is the gas constant, and T
is absolute temperature.



