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Periodic and nonperiodic interstratification in the chlorite-biotite series
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ABSTRACT

A systematic TEM investigation of interstratified chiorite-biotite crystals showed that
the crystals are composed of domains of periodically interstratified chlorite-biotite, non-
periodically interstratified chlorite-biotite, biotite, and chlorite. The interstratified chlorite-
biotite occurs as a vein filling and was apparently crystallized from a hydrothermal solu-
tion. The complex structure of the interstratified chlorite-biotite presumably results from a
nonlinear growth phenomenon occurring under a nonequilibrium state.

A simple nonlinear dynamics model derived from Duffing’s equation was constructed
with an additional chemical potential that accounts for the variation of structural config-
uration of tetrahedral sheets or 2:1 layers in chlorite and biotite, a simple periodic fluc-
tuation of hydrothermal fluid composition, and a simple damping force for two-dimensional
lattice misfit on (001) resulting from the intergrowth of different types of layers with
different structural configurations and other dissipation effects. Solutions to the equations
of the model show that periodic interstratification, nonperiodic interstratification, and do-
mains of the two end-member components (biotite, chlorite) can be formed during crys-
tallization under various conditions. The nonperiodic sequences of biotite and chlorite
layers along the ¢ axis in the interstratified crystals produced by this model are chaotic
rather than random. The calculations suggest that both periodic and nonperiodic interstra-
tifications can result from periodic external force, e.g., compositional fluctuation of the

fluid.

INTRODUCTION

Interstratification in phyllosilicates is a common phe-
nomenon involving the intergrowth of two types of sili-
cate layers (unit layers) or silicate and hydroxide layers,
which are arranged along the ¢ axis in either a periodic
or a nonperiodic sequence. Regularly (periodically) inter-
stratified phyllosilicate minerals are commonly inter-
grown with pure domains of one or both of their com-
ponent layers. An interstratified mineral with a relatively
ordered layer sequence along the ¢ axis (CV < 0.75) may
be considered a valid mineral species and given a mineral
name (Bailey 1982). Several interstratified minerals occur
in nature (see review paper by Bailey 1982): chlorite-talc
(kulkeite, Schreyer et al. 1982), cookeite-pyrophyllite
(lunijianlaite, Kong et al. 1990}, smectite-illite (rectorite,
Reynolds and Hower 1970, Veblen et al. 1990), chlorite-
smectite (corrensite for the trioctahedral species, April
1981, Shau et al. 1990, Hiller 1993; and tosudite for the
dioctahedral species, Brown et al. 1974), interstratified
pyrophyllite-donbassite (Xu et al. 1994), interstratified
chlorite-serpentine (Bailey et al. 1995; Xu and Veblen
1996), and interstratified chlorite-mica (Lee and Peacor
1985; Maresch et al. 1985).
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Irregular (nonperiodic) mixed layering between chlo-
rite and biotite is common in biotite-chlorite replacement
reactions (e.g., Veblen and Ferry 1983; Olives Baiios and
Amouric 1984; Olives Bafios et al. 1983; Eggleton and
Banfield 1985; Maresch et al. 1985; Amouric et al. 1988).
Interstratified chlorite-biotite formed during replacement
reactions may exhibit strain between neighboring layers
and contain inclusions precipitated between the layers
(Veblen and Ferry 1983). Interstratification in the chlo-
rite-wonesite series is also complex (Veblen 1983) and
may be an intergrowth structure formed during crystalli-
zation, rather than a replacement reaction. The presence
of irregular mixed layering in the chlorite-biotite system
also causes nonstoichiometry of chlorite and biotite crys-
tals. It is common to find chloritic minerals with abnor-
mal compositions or optical properties in low-grade meta-
morphic or hydrothermally altered rocks as a result of
fine-scale intergrowth, mixed layering, or both in the
structure. Some chlorite samples contain significant
amounts of Na, K, and Ca (e.g., Laird 1988) and exhibit
abnormal optical properties (Albee 1962). Similar phe-
nomena are common in biotite.

Few periodically interstratified chlorite-biotite mixed-
layer materials have been reported. Eroshchev-Shak
(1970) reported a fairly periodic 1:1 chlorite-biotite and
concluded that it was formed by vermiculitization of bi-
otite and subsequent chloritization of the vermiculite lay-
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ers. Maresch et al. (1985) investigated an interstratified
chlorite-biotite containing domains of periodic 1:1
structure with the use of high-resolution transmission
electron microscopy (HRTEM), X-ray diffraction (XRD),
and electron microprobe analysis. They concluded that
the materials were alteration products formed during re-
placement of chlorite by biotite. All reported periodically
interstratified chlorite-biotite structures occur in relatively
low-temperature chlorite and biotite assemblages.

One-dimensional HRTEM-image simulations of a 1:1
interstratified chlorite-phlogopite structure show that
HRTEM images can directly represent the crystal struc-
ture at the optimum defocus condition (Guthrie and Veb-
len 1990). We describe regularly (periodically) interstra-
tified 1:1 chlorite-biotite and irregularly (nonperiodically)
interstratified chlorite-biotite that have been characterized
by selected-area electron diffraction (SAED), HRTEM,
analytical electron microscopy (AEM), and simulated im-
ages, and present a model for the formation of these
interstratifications.

SAMPLE DESCRIPTION AND EXPERIMENTAL METHODS

The weakly chloritized and biotitized actinolite used
for this TEM study was collected from an altered norite-
pegmatite dike at Blackhill Mountain near Chengde, He-
bei, northern China. There are very fine platelets and
veinlets of greenish biotite, chlorite, and brown biotite-
like phylosilicates within the uralitic actinolite. Other co-
existing minerals are magnetite, apatite, and quartz. The
vein-filling texture of the phyllosilicates is consistent with
crystallization directly from hydrothermal fluid or by flu-
id-mediated reactions involving other minerals, rather
than a solid-state topotactic replacement reaction.

Specimens for TEM investigation, which were selected
from areas of a petrographic thin section containing fine-
grained veins of the phyllosilicates, were thinned by ar-
gon ion milling. All TEM and AEM investigations were
performed with a Philips 420ST electron microscope op-
erated at 120 keV and equipped with an EDAX energy-
dispersive X-ray detector and a Princeton Gamma-Tech
system analyzer, as described by Veblen and Bish (1988)
and Livi and Veblen (1987). All Fe was assumed to be
Fe** in the interpretation of AEM analyses.

TEM OBSERVATIONS OF INTERSTRATIFIED
CHLORITE-BIOTITE

An SAED pattern of the brown phyllosilicate (Fig. 1A)
shows a period of 24.3 A along the ¢* direction, with
>20 orders of 00/ diffraction spots. Diffraction spots in
Okl (k # 3n) rows are strongly streaked, indicating highly
disordered stacking involving layer shifts. The diffraction
pattern can be indexed as a b*-c* reciprocal lattice plane
for a phyllosilicate with stacking disorder. The corre-
sponding HRTEM image (Fig. 1B) obtained at underfo-
cus shows one-dimensional lattice fringes with a period
of 24.3 A (i.e., the d, value). The HRTEM image also
shows a few nonperiodic lattice fringes along the ¢ axis,
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Ficure 1.

(A) SAED pattern showing the b*-c* reciprocal
lattice plane of a periodically interstratified layer silicate. The Okl
(k # 3n) diffraction rows are strongly streaked. The measured
values of dy,, and d,,, are 24.3 and 9.21 A, respectively. (B) One-
dimensional HRTEM image of the interstratified material at un-
derfocus, showing the 24.3 A periodicity of the (001) lattice
fringes along the c* direction. Some defects in the layer sequence
(additional chlorite layers) are indicated by arrows.
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Ficure 2.
pseudo—a*-c* reciprocal lattice plane close to zone-axis orien-
tation. There are relatively weak, diffuse streaks along the c*
direction. Other diffraction spots are from nearby actinolite. (B)
One-dimensional HRTEM image corresponding to the SAED
pattern in A, showing the 24.3 A periodicity of the interstratified
layer silicate.

(A) SAED pattern of the interstratified phase with

which cause weak streaking of 00/ and 06!/ diffraction
spots parallel to the ¢* direction.

An SAED pattern from another area corresponding to
a pseudo—a*-c* reciprocal lattice plane also shows d,,, =
24.3 A but with much weaker streaking of the diffraction
rows (Fig. 2A). A corresponding one-dimensional
HRTEM image obtained at an overfocus condition shows
a layer periodicity of 24.3 A along the ¢* direction (Fig.
2B). The HRTEM image also shows nonperiodic (001)
lattice fringes that are related to weak streaking of the
001, 131, and 26! diffraction spots.

The 24.3 A periodicity indicated by these SAED pat-
terns and HRTEM images corresponds to the sum of the
dy, values for chlorite (14.2 A) and biotite (10.1 A). The
probable structure is regularly (periodically) interstratified
1:1 chlorite-biotite. Structural formulas of the interstrati-
fied material and coexisting chlorite and biotite calculated
from AEM analyses are listed in Table 1. The composi-
tion corresponds quite well to that of a 1:1 molar mixture
of chlorite and biotite and lies on the join between them
(Fig. 3). This relationship is analogous to that of kulkeite,
the composition of which lies between those of chlorite
and talc (Schreyer et al. 1982). We conclude from the
SAED patterns, HRTEM images, and AEM analyses that
this material is an ordered, 1:1 chlorite-biotite mixed-lay-
er silicate. A structural model of such periodically inter-
stratified chlorite-biotite, constructed by alternating one
chlorite layer and one biotite layer along the ¢ axis, is
shown in Figure 4. The AEM analyses suggest that the
interlayer sites within biotite layers are almost completely
filled by K and Na atoms, and all octahedral sheets are
filled by Mg, Fe, and Al.

Experimentally at overfocus, it is easy to see the 24.3

layer periodicity of interstratified chlorite-biotite,
which is consistent with the computer simulations of
Guthrie and Veblen (1990) for interstratified 1:1 chlorite-
phlogopite. In addition, the observed one-dimensional
HRTEM images obtained at overfocus and underfocus fit
the calculated one-dimensional HRTEM images of Guth-
rie and Veblen (Fig. 5). Thus, the simulations further sup-
port the interpretation of this material as a periodicaily
interstratified 1:1 chlorite-biotite structure.

The strong streaking in Okl (k # 3n) diffraction rows
(Fig. 1A) is interpreted to result from *%b stacking dis-
order within chlorite layers or £120° rotational stacking
disorder within biotite layers analogous to those com-
monly observed in chlorite and biotite (Brown and Bailey
1962; Bailey 1988). Weak streaking of diffractions in 00/,
06!, 13/, and 26! rows parallel to the ¢* direction is prob-
ably caused by extra chlorite layers, biotite layers, or both
within the interstratified structure, as suggested by
HRTEM images (Figs. 1B and 2B). Nonperiodic inter-
stratification of chlorite and biotite layers contributes to
the streaking of the 00/ and 06/ diffraction, and to the 02/
and 04/ diffraction along the ¢* direction.

Nonperiodically interstratified mixed-layer chlorite-bi-
otite is more abundant than periodically interstratified
structure in the brown layer silicate of the sample.
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Structural formulas of the interstratified 1:1 chlorite-biotite and related minerals
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Mineral

Structural formula

Actinolite
Biotite
Biotite
Biotite
Chi-Bi
Chl-Bi
Chl-Bi
Chlorite
Chiorite
Chlorite

(KOOSNaO”CE“ .u)zz.ﬂ(Mga.zoFeI .55A'°.24Mn0.03)27.1 5[(Si1,74Tio.01AIO.M)ESOZZJ(OH)’)
(Ko.8sNg 15C80,04)11.02(MJ1 44F €1.01Als 20MN6.00 Tio 06)52.80[(Siz 01Al 00)54010](OH),
(Ko.62N012080,06)51.00(MG1 42F €1 02l 26M, nzT'o o7)z279l(Slz.02Al 06)24050](OH),
(Ko.84N@0 11080 04)50.06(MT1.43F €1.02Al. 26MNg 01 Tio.07) 22 82l (Siz 02Al1.08):4010](OH),
(Ko.57N80 34C80 27)50.91 (M4 427 82 64Al1 36MNg 05 Tio 02)56.75(Sis 75Al2.25)£6020)(OH) 1o
(Ko.57N@o 24C85,16)10.97(M s 407 €3.00Al1 22MNg.00 Tio 00)z5.00[(Sis 77l 22)56020) (OH) 1o
(Ko.oN9 41C840.15)51.01(MTu 64F€2.89Al1 25MNo 02 Tl 02) 35,00l (Sis 742 26)580 20 OH) 10
(MG, 30F € 44Al; 1,C84,02)55.06[ (Siz 052 05)34010](OH)s

(MG,.05F€2 26Al1 12080.04) 55 061(Sia.91Al 08)54010](OH)g

(M2 .35F €2 40Al; 14C80.01)s5.96[(Siz.00Al1.00)240 101 (OH)s

Note: Formulas were determined from AEM analyses described in the text.

HRTEM images show areas dominated by biotite layers
with nonperiodic interstratification of chlorite and biotite
layers (Fig. 6A). In contrast, other HRTEM images show
the crystal with both chlorite-dominant and nonperiodic
interstratified domains (Fig. 6B). Some areas display non-
periodic intergrowth of chlorite and biotite domains (Fig.
6C). An SAED pattern from the nonperiodic chlorite-
dominant area shows streaking of the 00/ rows (Fig. 7C).

None of the interstratified chlorite-biotite crystals we
examined was completely periodic, and the type of dis-
order varied between crystal grains and even in different
areas within a crystal. In general, the interstratified chlo-
rite-biotite material can be considered a “mixed crystal”
composed of chlorite domains, biotite domains, periodi-
cally interstratified domains, and nonperiodically inter-
stratified domains, all intergrown along the ¢ axis. SAED
patterns from nonperiodic biotite-dominant areas are
characterized by strong diffraction spots at biotite dif-
fraction positions and streaks along the c* direction (Fig.
7A); patterns from areas dominated by periodically inter-
stratified chlorite-biotite show streaked diffraction spots

Al

¢ chlorite
O biotite
B chlorite-biotite
Si 50 K+Na

Ficure 3. Ternary plot of the interstratified layer silicate (la-
beled chlorite-biotite) and its related chlorite and biotite in the
(K,Na)-Al-Si ternary system.

characteristic of 24 A periodicity (Fig. 7B); and those
from nonperiodic chlorite-dominant areas show strong
diffraction spots at chlorite diffraction positions and
streaking along the c¢* direction (Fig. 7C). The most com-
plex SAED patterns are from areas composed of all these
possible variations: chlorite, biotite, periodically interstra-
tified, and nonperiodically interstratified domains (Fig.
7D). The feature in the SAED pattern of Figure 7D is
different from features in periodic and random oscilla-
tions in spectrum space according to the results of Baker
and Gollub (1990). Such a phenomenon is a reliable in-
dicator of chaos, even though it does not guarantee sen-
sitivity to initial conditions (Baker and Gollub 1990).

GENESIS OF THE OBSERVED INTERSTRATIFIED
STRUCTURES

Mechanisms for the formation of interstratified
structures

Interstratified structures containing chlorite and biotite
layers can form in several ways. In many cases, they ap-
pear to result from partial replacement of one mineral by
another, for example, from reactions of biotite to chlorite
(Veblen and Ferry 1983; Olives Bafios and Amouric
1984; Olives Barios et al. 1983; Eggleton and Banfield
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FiGure 4.  Structural modet! of the interstratified 1:1 chlorite-
biotite (B), based on regular interlayering of chlorite and biotite
layers. The structures of chlorite and biotite are also illustrated
for comparison (A and C, respectively).
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1985) or from reactions of chlorite to biotite (Maresch et
al. 1985). Similarly, previous studies have reported that
interstratified 1:1 chlorite-biotite forms as an alteration
product during chloritization of biotite (Olives Baiios
1985), biotitization of chlorite (Maresch et al. 1985), or
vermiculitization of biotite with subsequent chloritization
of vermiculite layers (Eroshchev-Shak 1970).

More generally, the occurrence of periodically inter-
stratified phyllosilicates (including 1:1 chlorite-biotite)
has been explained in several ways. For example, the
mixed-layer silicate can (1) grow as a thermodynamically
stable phase; (2) form as an intermediate structure during
a solid-state reaction from one layer silicate to another
(Hower et al. 1976; Maresch et al. 1985); (3) form by
direct growth as a result of a periodic oscillation in hy-
drothermal solution composition (Kong et al. 1990); or
(4) appear as an artifact of interparticle diffraction from
an assembly of fundamental particles (Nadeau et al.
1984). There are also variations of the above explana-
tions, such as the Axial Next-Nearest-Neighbor Ising
(ANNNI) model for periodically interstratified phyllosil-
icates (Zen 1967), which is an example of growth of a
thermodynamically stable or metastable phase. On the ba-
sis of the ANNNI model, high-temperature conditions fa-
vor formation of interstratified phyllosilicates (Zen 1967).
However, interstratified phyllosilicates commonly occur
in low-temperature conditions.

Recent TEM studies of interstratified smectite-illite
(Veblen et al. 1990; Ahn and Peacor 1986, 1989), chlo-
rite-talc (Schreyer et al. 1982), cookeite-pyrophyllite
(Kong et al. 1990, 1992), pyrophyllite-donbassite (Xu et
al. 1994), and the directly crystallized chlorite-biotite re-
ported here have shown that periodically interstratified
phyllosilicates can be composed of mixtures of periodi-
cally interstratified domains with a thickness considerably
greater than those of fundamental particles, nonperiodi-
cally interstratified domains, and domains of one or both
end-member structures. Like other interstratified phyllo-
silicates, the 1:1 chlorite-biotite does not grow as large
homogeneous crystals but rather as one part of a mixed

XU ET AL.: INTERSTRATIFICATION IN CHLORITE-BIOTITE

C

Figure 5. Comparison of simulated one-dimensional HRTEM images of 1:1 chlorite-phlogopite at underfocus (1250 A) and
overfocus (+500 A) conditions (from Guthrie and Veblen 1990) (A) with experimental one-dimensional HRTEM images obtained
under these conditions (B and C). The insets in B and C show both the structural models and calculated images
from A.

crystal containing biotite, chlorite, and nonperiodically
interstratified chlorite-biotite. We propose that the inter-
stratified chlorite-biotite is a growth structure resulting
from the rapid coprecipitation of chlorite and biotite from
hydrothermal solution. There is no thermodynamic sta-
bility field for the interstratified structure with respect to
chlorite and biotite. This allows us to propose a nonlinear
dynamics model for the crystallization of the chlorite-
biotite intergrowths observed in this study. In this non-
equilibrium crystallization model, chlorite, biotite, and
the periodic and nonperiodic mixed-layer structures can
result from periodic fluctuations in fluid composition. The
original equation describing this kind of structural oscil-
lation was introduced to describe the hardening spring
effect observed in many mechanical oscillations (Duffing
1918). Since then, the equation has become one of the
most common examples in text books and research arti-
cles about nonlinear oscillation (Guckenheimer and
Holmes 1983; Baker and Gollub 1990). Similar dynami-
cal oscillation models were also applied to magneto-elas-
tic oscillation (Guckenheimer and Holmes 1983) and to
chemical oscillation in minerals (Jamtveit 1991). Dynam-
ical oscillation models have also been applied to inter-
growths of periodic and nonperiodic polytypic structures
at the unit-cell scale (Vignoles 1992; Xu and Veblen
1995).

Formulation of the nonlinear crystallization model

We followed Jamtveit (1991) and Xu et al. (1995) in
the development of our formulation for this system. In
general, we use two separate potentials (G) relating to the
structural configuration (or distortion) for chlorite and bi-
otite. With these simple chemical potentials it is assumed
that the additional energy of biotite and chlorite layers is
related to the difference in the structural configurations
(u) of biotite and chlorite, e.g., the configuration of tet-
rahedral sheets. The configuration parameter (u#) of the
boundary between bonded chlorite and biotite layers on
the (001) plane is set to zero. The proposed potentials are
expressed as follows:
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G(u) = G, + Bla,(u/2 + 0.5 — b — In(u/2 + 0.5 + 8)]

for biotite (1a)
Gu) = G, + Pla, 0.5 — u/2 — b)> — In(0.5 ~ u/2 + d)]
for chlorite (1b)

where u is the scaled structure parameter characterizing
the structural difference (e.g., tetrahedral sheets) of chlo-
rite and biotite; G, is the normalized energy of chlorite
and biotite without any structural distortion; and 8, a,, b,
and 3 are adjustable parameters for the assumed potential
functions. A logarithmic function for the potentials was
used to avoid an extreme distortion of the crystal struc-
tures in biotite and chlorite. The basic forms of the two
potentials are illustrated in Figure 8. The two potential
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FIGURE 6. (A) One-dimensional HRTEM image showing bi-
otite domains and nonperiodic interstratification of chlorite and
biotite layers. Arrows indicate chlorite layers within biotite ma-
trix.. (B) One-dimensional HRTEM image of the interstratified
chlorite-biotite, showing chlorite domains and nonperiodic inter-
stratification of chlorite and biotite layers. Arrows indicate biotite
layers. (C) One-dimensional HRTEM image showing nonperiod-
ic intergrowth of thin chlorite (c) and biotite (b) domains.

wells represent the stable chlorite and biotite configura-
tions. The model assumes that the interstratification oc-
curs only in a system with both chlorite and biotite crys-
tallizing from solution as thermodynamically stable
structures. The model simulation is based on the simple
potential functions with the potential minima within the
u values between —1 and 1, which is a function of tem-
perature and other conditions. We assume that the two-
dimensional structural configuration of chlorite and bio-
tite is continuous and, therefore, that the chemical
potential for the chlorite-biotite system is also continuous.
The potential at —0.1 < u = +0.1 is considered to be
parabolic in form, i.e., A — B(u/2)* (Fig. 8), so that the
potential is continuous for all u values. The pseudocon-
tinuous potential may then be rewritten as follows:
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Figure 7. Series of 00/ electron diffraction rows from parts
of an interstratified “crystal” dominated by biotite layers (A),
periodically interstratified domains (B), chlorite layers (C), and
more complex intergrowth of different domain types (D). Streak-
ing of diffraction spots along c* was caused by nonperiodic in-
terstratification of chlorite and biotite layers.

G(u) = G, + Bla /2 + 0.5 = by — In(u/2 + 0.5 + )]

for —1.0 = u = —0.1 (2a)
Gw) = G, + BIA — Bu/2)]
for —0.1 = u < +0.1 (2b)

Gu) = G, + Bla,(0.5 — u/2 — b)* — In(0.5 — u/2 + d)]
(20)

where A and B are parameters from the two basic poten-
tials of Equation 1, so that the potential is continuous.
Thus, a layer with the structural configuration # < 0 cor-
responds to biotite, and a layer with ¥ > 0 corresponds
to chlorite. According to Guckenheimer and Holmes
(1983) and Jamtveit (1991), the driving force for crystal-
lization resulting from the proposed potential is given by

for +0.1l =u=1.0

—VGu) = i 3)
or
VGu) +ii =0 4)
VGu) = B2a,(u/2 + 0.5 ~ b) — 1/u/2 + 0.5 + 8)]
for 0.1 = u = —-0.1 (5a)
VG(u) = —BBu
for —0.1 = u = +0.1 (5b)

VG) = B[2a,(0.5 — ul2 — b) — 1/(0.5 — u/2 + 3)]

for +0.1 = u = 1.0. (5¢)

The driving force tends to minimize the energy of the
crystals during crystallization, i.e., by forming structural
configurations of chlorite and biotite layers with mini-
mum potentials. Additional energy is introduced between
neighboring layers as a result of the structural differences

-0.1

(G)

Scaled Potential

'0.4 T T T T x
-1.0 0

Scaled structural configuration (u)

+1.0

Ficure 8. Proposed chemical potentials as functions of the
scaled structural configuration (u) between biotite and chlorite in
the chlorite-biotite system.

between chlorite and biotite. The additional force is as-
sumed to be proportional to the structural variation (ou)
between neighboring tetrahedral sheets in the crystal.
This assumption is similar to that proposed by Jamtveit
(1991) for a compositional oscillation system. Addition
of the term ou (a damping term) to the above equation
results in the following equation:

VGu) + i + ou = 0. (6)

Equation 6 describes a damped structural oscillation with-
out an external force (i.e., an equilibrium state). If the
system is not at equilibrium, there is also an external
force (e.g., compositional fluctuation of the fluid) influ-
encing crystallization. We assume that the external force
is a simple periodic fluctuation, F = vy cos(wt), consistent
with one of the proposed mechanisms for periodic inter-
stratification of cookeite and pyrophyllite (i.e., a periodic
change in fluid composition: Kong et al. 1990). The pa-
rameter vy is adjustable and characterizes the amplitude of
the fluctnation of the fluid composition. The value of vy
is zero only at equilibrium. The parameters w and ¢ are
the oscillation frequency of fluid composition and the
time from the start of crystallization, respectively. Addi-
tion of the periodic external force, F = vy cos(wt?), to the
above equation, results in Equation 7:

VG(u) + i + ou = vy cos(wt). (7

Equation 7, Duffing’s equation, describes a forced oscil-
lation (Guckenheimer and Holmes 1983; Thompson and
Stewart 1986; Xu et al. 1995), which may be rewritten
as the following autonomous system of equations (Guck-
enheimer and Holmes 1983; Jamtveit 1991):

u=v (8a)
Vv = =VG(u) - ov + v cos(wb) (8b)
6= 1. (8c)

All variables in Equation 8 are dimensionless. The vari-
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able v is the rate of change of the structural configuration
(1), and 6 is the elapsed time. The equations, which can
be solved numerically, represent a nonlinear structural os-
cillation with damping and an external force (i.e., a non-
equilibrium state).

Results of the nonlinear crystallization model

General solutions to these equations exhibit nonperiod-
ic oscillations and are very sensitive to initial conditions
(i.e., the structural configuration of the matrix) (Thomp-
son and Stewart 1986; Baker and Gollub 1990). The
structure of these nonperiodic oscillations (or the inter-
growth of chlorite and biotite layers) is not random (or
totally disordered); it is chaotic, which is a type of non-
periodic structure with a degree of order (Hao 1984; Ba-
ker and Gollub 1990). Some typical numerical solutions
are illustrated in Figure 9; the negative and positive u
values of the structural configurations in these figures cor-
respond to oscillations (or intergrowths) between biotite
and chlorite layers in the mixed crystal. Thus, nonperiod-
ic structural oscillations in the mixed crystal result from
periodic chemical oscillations corresponding to fine-scale,
nonperiodic interstratification of chlorite and biotite lay-
ers (Fig. 9A) or intergrowths of smail chlorite and biotite
domains (Fig. 9B). When the system is close to equilib-
rium (i.e., v = 0) or at equilibrium (y = 0), there are
stable solutions, which correspond to separate coexisting
crystals of chlorite and biotite with structures of mini-
mum potentials. Only under certain conditions is there a
periodic oscillation of chlorite and biotite layers (Fig.
9C), corresponding to the ordered, 1:1 mixed-layer chlo-
rite-biotite structure observed in this study. The numerical
results are similar to the observed TEM results of Figures
1 and 6.

During the growth of a real crystal, the situation may
be more complex. The external conditions (e.g., fluid
composition, temperature, etc.) may change during crys-
tallization, and the resulting crystal may exhibit an inter-
growth of several structures that reflect these changes. A
crystal formed by nonequilibrium crystallization could
consist of periodically interstratified domains, nonperiod-
ically interstratified domains, and both chlorite and biotite
domains, similar to those observed.

On the basis of the above nonlinear oscillation model,
interstratified phyllosilicates that form by direct crystal-
lization occur only under a sufficiently strong external
force. Requirements for interstratification include (1) two
end-member structures that are similar, at least in the
plane of intergrowth (i.e., a small damping force), and (2)
nonequilibrium conditions (i.e., a sufficiently large exter-
nal force). Crystallization at low temperatures may more
commonly result in larger deviations from equilibrium
than high-temperature crystallization. Thus, low-temper-
ature crystallization favors the formation of the interstra-
tified structures. This fact is consistent with the obser-
vation that interstratified layer silicates form under
low-temperature conditions, whereas high-temperature
processes typically produce relatively well-ordered layer
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Ficure 9. Numerical solutions of the equations at nonequi-
librium states, showing nonperiodic oscillation (interstratifica-
tion) of chlorite and biotite layers (A), intergrowth of chlorite
and biotite domains (B), and periodic oscillation (interstratifica-
tion) of chlorite and biotite layers (C). Parameters for the above
solutions are (A) y = 0.11, 0 = 0.09, 0 = 1, B = 0.03; (B) v
=008,0=012,0=1,=003(C)y=003,0 =04 0
= 1, B = 0.03. The structural configurations with positive and
negative u values correspond to chlorite and biotite layers,
respectively.

silicates consisting of a single layer type, such as mica
and chlorite crystals. The proposed oscillation model may
also be applied to interstratified illite-smectite that pre-
cipitated in the presence of solution.
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