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Oscillatory zonation patterns in hydrothermal grossular-andradite garnet:
Nonlinear dynamics in regions of immiscibility

B.ronN Jllrrvnrr
Department of Geology, University of Oslo, P.O. Box 1047 Blindern, N-0316 Oslo 3, Norway

ABSTRAcT

Grossular-andradite (grandite) garnet, precipitated from hydrothermal solutions asso-
ciated with contact metamorphism in the Oslo rift, shows complex oscillatory chemical
zonation. Immiscibility in the grandite system at T < 400 .C, P = 500 bars has been
demonstrated by coexisting, unzoned isotropic and anisotropic grandite garnets in skarn
zones around hydrothermal veins. A set ofthree first-order differential equations model
the garnet zonation as a function of internal and external factors. The model simulta-
neously accounts for immiscibility in the grandite system, dissipation of energy during
epitaxial growth ofone garnet phase upon another, and external forcings such as variations
in the composition of the hydrothermal fluid(s) from which the garnets precipitate. It is
demonstrated how simple (periodic) external forcings may lead to very complex (nonpe-
riodic) zonation patterns within regions of immiscibility.

Although the observed zonation profiles may have resulted from transient rather than
stationary erowth processes, the model indicates that stationary nonperiodic and chaotic
gowth dynamics may arise in the grandite system under the influence of quasi-periodic
external templates.

IxrnonucrroN al. (1989) from Archaean lava flows, or in complex, in-
Quantitative descriptions of geological systems and tracrystalline oscillatory zonation. Oscillatory zoning of

processes have traditionally concentrated. on equilibrium minerals occurs in a variety of geological environments,
systems and reversible reactions. More receni research. from the low-temperature regime of diagenesis (Reeder
however, has focused attention increasingly on nonequi- and Prosky, 1986; Reeder and Grams, 1987) to the high-
librium phenomena. Studies of mass transport and com- temperature regime of magmatic crystallization (Bottinga
bined mass transport and chemical reactions have been etal', 1966; Sibleyet a1., 1976). Thecompositionalvari-
performed within the linear range of nonequilibrium ations occurring between the core and the rim of a min-
thermodynamics where the flows (or rates) of irreversib6 erll grain constitute a "mineral stratigraphy" that con-
processes are linear functions of the thermodynamic forc- tains important information about the dynamics of the
es (e.g., Fisher, 1973 Frantz and Mao, 1976, 1979:Weare crystal Srowth processes.
et al., 1976; Lichtner, 1985). Although many geological In this paper, the complex compositional zonation pat-
processes are sluggish enough to keep the geological sys- tern.ofnaturallygrowngrossular-andradite(grandite)gar-
tem involved close enough to equilibrium for these ap- net is modeled using the theory of nonlinear dynamics.
proaches to be appropriate, numerous processes occgr The model involves three first-order differential equa-
outside the linear range of thermodynamics (see Ortoleva tions that simultaneously account for (l) immiscibility in
et al., 1987). Perhaps the most fascinating feature of sys- the grossular-andradite binary system at the ambient
tems far from equilibrium is their potential to create or- temperature, (2) dissipation of energy (dampening) dur-
dered patterns in space and time ("dissipative struc- ingepitaxialgrowthofonegarnetonanotherofdifferent
tures") through amplifications of small fluctuations in the composition, and (3) external factors, notably changes in
systems (cf. Nicolis and Prigogine, 1977). the composition of the hydrothermal fluid(s) from which

Nonlinear dynamics have been applied in models of the garnets precipitate.
large scale phenomena such as global geochemical cycles
(cf. Lasaga, 1980) and earthquake mechanisms (Huang TrrB cnor,ocrcAr, EIwIRoNMENT
and Turcotte, 1990). However, in rapidly evolving fluid- During the Permian continental rifting event in the Oslo
rock systems, conditions far from equilibrium may exist region ol southern Norway, massive intrusions of acidic
even on scales smaller than single mineral grains. On the to intermediate batholiths at shallow crustal levels caused
grain-size scale, nonlinear processes may result in com- convective fluid transport in Cambrian to Silurian meta-
plex morphological structures, such as the self-similar sedimentary rocks (Goldschmidt, lgll). At the Ravn-
(fractal) silicate mineral textures described by Fowler et dalskollen iocality near the eastern margin of the Oslo
0003-o04x/9 l/0708-l 3 I 9$02.00 I 3 I 9
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Fig. l. Simplified sketch showing the stage III skarn and veins
associated with fluid flow through brittle fractures across shale
layers (top). The vein mineralogy consists essentially ofgrandite
garnet, diopside, prehnite, and albite. The metasomatic fringes
surrounding the fluid channels comprise a series ofmineralogi-
cally distinct zones, reflecting decreasing Ca potential away from
the vein contact. Note that the fringes are widest parallel to the
shale foliation (striped pattern), presumably because of a rela-
tively higher tortuosity in this direction. The backscattered elec-
tron (BSE) image (bottom) shows oscillatory zoned grandite gar-

net in a matrix of prehnite and diopside. Note the qualitatively
similar zonation pattern in diferent garnet grains independent
of the size of the crystals.

rift, intrusion of syenitic batholiths at a depth of 2-3 km

caused extensive fluid flow through a layered sequence of

carbonates and shales (Jamtveit et al., l99l). Infiltration

of HrO-rich fluids occurred during at least three diferent

stages (slages I-III) in the tectonothermal history of the

metasedimentary rocks in the temperature range from 400

'C (stage I) to 300-340'C (stage III). The infiltrational
events all resulted in the formation of various kinds of
garnet-bearing skarns. This paper focuses mainly on the
garnets from stages I and III that display the most pro-

nounced disequilibrium features. Stage I skarn formed

when aqueous fluids, originally derived from the cooling

syenite, infiltrated at the shale-carbonate contact. When

this fluid, initially flowing along the rock boundary sur-

faces, subsequently infiltrated or diftrsed into the carbon-

ate layers, pink and rare dark green garnet grew at the

metasomatic front together with clinopyroxene (Xo' :

0.35-0.75) and wollastonite' During stage III infiltration'

calcite-saturated aqueous fluids occasionally entered the

cm-thick shale layers througlr a set of crosscutting exten-

sional veins (Fig. 1). Greenish to pink garnets precipitat-

ed within the veins together with clinopyroxene (Xo' :

0.60-0.90), prehnite, albite, and occasional microcline.

Calcite and epidote sometimes occur as inclusions in the
garnet cores. The larger garnet gtains usually precipitated

on the vein walls, whereas smaller grains and clinopyrox-
ene occur in a matrix of fibrous prehnite that fills the

center ofthe veins (Fig. l).
Metasomatic fringes from a millimeter to a centimeter

wide always parallel the fluid channels through the shales
(Fig. l). These fringes comprise a set of mineralogically

different zones that reflect decreasing Ca potential away

from the fluid channel (Jamtveit et al., l99l)' The zone

closest to the fluid channel may contain clinopyroxene,
calcite. titanite, and two different populations of garnet

with discretely different composition but similar mor-
phology (although their modal abundances may be quite

diferent, Fig. 2).

GlnNnr coMPosrrloN AND srRUcruRE

The garnet in stage I and III skarns frequently displays
dodecahedral twinning and is commonly anisotropic (Fig.

3). Table I shows that the compositional variations of

the garnet can be roughly described as a binary mixture

of grossular (CarAlrSirO,r) and andradite (Ca3FerSi3O'r)'

Minor components are hydrogarnet [X*r..^)r,orr, < 0.08],
spessartine (Xrun3n2sr3o12 < 0.02) and a titanium garnet end-
member. (Usually the garnets contain < I wto/o TiOr, but
some rare melanitic garnets may contain up to 3 wto/o
TiOr.) The grandite garnets range in composition from
Xo," * 0.04 to Xo," = 0.90. Homogeneous garnet of a

composition close to one of the end-members (Xo.. < 0.2

or Xo,o > 0.8) is isotropic or nearly isotropic, whereas
garnet with intermediate composition is anisotropic. Un-
zoned garnet from the metasomatic fringes around brittle
fractures that acted as channelways for hydrothermal flu-

ids seem to fall in three compositionally different $oups
Gig. a). These groups are separated by compositional gaps

in the intervals 0.1 < X"." < 0.35 and 0.65 ( Xo,o (

0.80.
The unreversed experimental data of Huckenholz and

Fehr (1982) suggest that a miscibility gap may exist with-
in the grandite system vdth a critical temperature of 450-
500 'C. At T = 300 'C and P > 3 kbar, this gap was



Fig.2. BSE image showing two coexisting garnets (Gn I and
Grt II), diopside (Cpx; numerous small, = 10 pm sized, dark gray
grains), and calcite (Cc; dark grain to the left of Grt II) in a
metasomatic zone next to a hydrothermal vein. The garnet com-
positions are Xo,o = 0.85 (Grt I) and X*. = 0.60 (Grt II).

reported in the compositional interval 0.5 < Xc," < 0.8.
This interval is broadly consistent with one of the com-
positional gaps reported above. Recently, a gap in the
same compositional region has been reported from nat-
ural fluorian grandite garnets by Manning and Bird (1990).
The existence of a miscibility gap within a similar region
of the grandite binary is furthermore consistent with a
subregular solution model for this system presented by
Engi and Wersin (1987). Their solution model is based
on experimental data from temperatures above 600 .C

and predicts a miscibility gap in the approximate com-

Trele 1. Representative analyses of unzoned matrix garnet

t32l

Fig. 3. Photomicrograph showing a euhedral, anisotropic
grandite garnet displaying dodecahedral twinning. Plane polar-
ized light. Field of view ca. I mm.

position interval 0.65 < Xo,o 10.9 at 350 oC. Thus, the
available results strongly suggest that the compositional
gap found in the interval 0.65 I Xo,o < 0.8 is a misci-
bility gap.

The status of the gap in the range 0.1 < Xc,. < 0.35 is
less certain. Lessing and Standish (1973) and Murad
(1976) report zoned garnet with compositional disconti-
nuities from nearly pure andradite (Xo," < 0.05) to in-
termediate grandites (Xo," = 0.4-0.5). However, al-
though such discontinuities in the composition of zoned
garnet would readily be explained by a miscibility gap,
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Sample R891' R887' R8923*

sio,
Tio,
Al2o3
CrrO"
FeO,.,
MnO
Mgo
CaO

Total

D I

Ti
AI
Cr
Fel l l
Fell
Mn
Mg
Ca
oHt

38.57
0.47

17.78
0.01
5.70
0.21
0.00

35.89
98.82

2.959
0.027
1.608
0.000
0.365
0.020
0.010
0.000
2.970
0.164

37.57
0.07

13.01
0.00

11 .85
0.47
0.00

34.95
97.92

2.975
0.004
1.214
0.000
o.782
0.003
0.032
0.000
2.965
0.1 00

37.49
0.78

16.21
0.00
8.02

35.96
3.03
7.34
0.00
7.48

38.67
0.08

16.08
0.00
8.56
0.15
0.09

36.48
100.1 1

2.951
0.005
1.447
0.000
0.546
0.000
0.010
0.010
2.983
0.196

35.76
0.06
7.31
0.00

21.04
0.00
0.08

33.86
98.11

2.854
0.004
0.688
0.000
1.309
0.095
0.000
0.010
2.895
0.584

34.35
0.13
0.87
0.00

30.09
0.03
0.03

32.36
97.85

2.815
0.008
0.084
0.000
1.907
0.155
0.002
0.002
2.841
0.740

36.69 39.43
0.84 0.99
7.72 18.70
0.00

20.16
0.60
0.08

34.18

0.02
5.06
o.22
0.28

J3. I  I

2.874 2.989
0.049 0.056
0.713 't.671
0.000 0.001

0.22 0.04
0.08 0.18

36.98 34.18

1.237 0.272

2.878
0.182
0.693
0.000
1.125
0.045

100.27 100.47 99.78 98.21
Normalized gamet composition (>cations-Si : 5.000)

0.083 0.049
0.040 0.014
0 009 0.032
2.868 2.905
0.504 0.044

2.826
0.044
1.440
0.000
0.506
0.000
0.014 0.003
0.009 0.021
2.987 2.931
0.696 0.488

Note: FeObt: total Fe.
'Garnets from stage lll skarn assemblages.

.* Garnets from stage I skarn assemblages.
t OH calculated as 4 x (3.000 - Si).
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Fig. 4. Histogram showing the partitioning of garnet com-
positions obtained from electron microprobe (EMP) analyses of
fine-grained (< 100 pm), unzoned gamet from metasomatic zones
close to the stage III hydrothermal veins (sample no. R891) and
from andradite-rich stage I garnet (sample no. R8923). See Table
I for representative garnet analyses. Note the apparent compo-
sitional gaps in the regions Xo.":0.10-0.35 and Xo-:0.65-
0.80. Analyses are from the Cameca Camebax EMP at the Min-
eralogical-Geological Museum in Oslo, using natural and syn-
thetic materials as internal standards and Cameca's Pao software
for data reduction.

they may also reflect rapid fluctuations in the chemical
or physical environment of the growing garnet. Thus, the
observed compositional gap within the andradite-rich part
of the grandite system may or may not represent a mis-
cibility gap.

Figures 5a and 5b show the backscattered electron (BSE)
image of a euhedral garnet, ca. 100 pm in diameter, that
has a fairly homogeneous core srurounded by a striking
oscillatory zonation, with sharp boundaries between lay-
ers of different composition. The grossular-rich parts of
the garnet are nearly isotropic, whereas the andradite-
richer rim is strongly anisotropic. Anisotropy in unzoned
garnets is likely to result frorn Fe3*-Al ordering on the
octahedral sites of the garnet structure (Allen and Buseck,
1988; Hatch and Griffen, 1989); however, in composi-
tionally zoned garnets, anisotropy may also result from
strain arising from lattice mismatch at compositional
boundaries (cf. Kitamura et al., 1986). Oscillatory zona-
tion occurs at various scales, from the >10 pm wave-
length seen in Figure 5a to the < I pm wavelength seen
in Figure 5b. This qualitative similarity on scale (self-
similarity) seen in the garnet zonation pattern is strikingly
similar to the geometry of some well-known fractal ob-
jects (such as Cantor-sets, cf. Mandelbrot, 1985). Even
though the dynamics of natural crystal growth may oc-
casionally produce such self-similar zonation patterns,
subsequent intracrystalline diffusion would be expected
to smear this fingerprint of the dynamics of the growth
process unless the geological environment remains at suf-
ficiently low temperature to inhibit solid-state diffirsion
even at very small scales (<l pm). The small-scale zo-
nation of the garnet further implies that an electron mi-
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croprobe step-scan across tho garnet would not record the
details in the garnet composition variations since the
X-ray activation volume is on the order of 5 pm3. There-
fore, the zonation profile shown in Figure 5c has been
constructed from a digitized section (1500 x 400 pixels)
of the BSE image in Figure 5a (see figure caption for more
details). It is interesting to note that sharp compositional
boundaries exist between layers with bulk composition
close to Xc,o:0.83-0.88 and Xo.. : 0.55-0.60. These
compositions are within the same range as the homoge-
neous garnet phases in the metasomatic zones (Fig. 4),
and the sharp compositional discontinuities are thus in-
terpreted as phase boundaries.

Figure 6a shows the BSE image of a garnet from a stage
I skarn grown in a matrix of calcite and diopside. A con-
spicuous feature of this garnet is the high density of small
(< I pm) fluid inclusion cavities commonly paralleling
the $owth surfaces of the garnet crystal. The concentra-
tion of these cavities shows a marked drop in the outer-
most grossular-rich zone (dark rim on the BSE image).
The zonation profile (Fig. 6b) has been constructed in a
similar way to Figure 5c and shows oscillatory behavior,
initially changing between a composition close to Xo,o:
0.1 and Xc,o:0.35. However, rimward the oscillations
decrease in amplitude and are dampened toward X*. :

0 .35 .

A vrooBr, FoR THE zoNATroN PATTERNS

Most quantitative models for oscillatory zonation pat-
terns in minerals refer to idealized periodic zonation pat-
terns in igneous plagioclase (Haase et al., 1980; All6gre
et al., l98l; Simakin, 1983). These are deterministic
models based on a local system description of coupled
chemical reactions and transport during the crystal growth
processes; i.e., the oscillatory behavior is assumed to be
the result of processes in the immediate vicinity of the
growing crystal and not of an external template. The pat-
tern is, in other words, interpreted as a result of geochem-
ical self-organization (e.g., Nicolis and Prigogine, 1977).
A local system dynamic model is supported by a com-
monly observed lack of intercrystal correlation of oscil-
latory bands in igneous plagioclase (e.9., Wiebe, 1968).

Oscillatory behavior of highly nonideal, especially low-
temperature, solid solutions must depend critically on the
topology of the free energy surface of the chemical sys-
tem. Thus, rather than starting with a detailed quantita-
tive description of the coupled reaction and transport
processes, the present approach deals with the energetics
of the garnet egowth process in a more explicit and phe-
nomenological way. This allows direct application of the
formalism of classical mechanics to construct a low-order
analogue model that may elucidate the dynamics of the
natural grandite system. The major factors that may con-
trol the variations in the composition of the precipitating
garnet are (l) the free energy potential (G) vs. composi-
tion (e.g., Xo,.) relations in the grandite system, (2) the
extent to which the existing garnet surface favors the crys-
tallization of a garnet of composition similar to the sur-
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Fig. 6. (a) BSE image of an oscillatory zoned, andradite-rich
stage I grandite garnet. This garnet contains layers with an un-
usual andradite-rich composition (X* < 0.05), and the oscil-
latory behavior shows an apparent dampening rimward. Small
dark spots parallel to the crystal growth surfaces are small fluid
inclusion cavities. (b) Zonation profile (along the line in a) con-
structed from the BSE image (see caption for Fig. 5c). To reduce
the noise from dark fluid inclusion voids, this profile represents
the median values of 256 parallel profiles, each having 2350
pixels.

face itself, and (3) external factors such as variations in
the composition of the hydrothermal fluid (especially the
degree of supersaturation of the garnet components) or
the P,Zconditions.

The details of how the free energy potential varies with
composition are largely unknown. Although useful solu-
tion models for grandite garnets exist for temperatures
>600'C (e.g., Engr and Wersin, 1987), the details of how
the free energy potential of the grandite system varies
with composition at temperatures relevant to this study
are largely unknown. The free energy surface will prob-
ably be strongly affected by the extent ofFe3*-Al disorder
as a function of Z in the range 300-400 'C (cf. Allen and
Buseck, 1988). Therefore, the present model will be based
on a simple symmetric potential that is consistent with
the observation of a miscibility gap in the system of in-
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Fig. 5. (a) BSE image of oscillatory zoned stage III grandite
garnet from a hydrothermal vein in a shale. The matrix is prehn-
ite, and the inclusions within the garnet are diopside. Note the
oscillatory zonation on two different scales. (b) Close-up ofthe
widest dark band within the garnet in a. Note a faint oscillatory
zonation with a wavelength <l prn. (c) Garnet zonation profile
(along the line in a) constructed from a digitized section (1500
x 140 pixels) of the BSE image in a. To reduce the noise level,
the profile is based on 1500 pixels, each ofwhich is a median
value of400 values equidistant from the rim. The ordinate vari-
able (X*) is taken as inversely proportional to the darkness of
the BSE image. Calibration of composition from color intensity
was made from 30 electron microprobe (EMP) spot analyses,
each representing a volurne of =5 pm3, from the core to the rim
of the garnet.

b)
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Fig. 7. Free energy vs. composition diagram used in the model
presented in the text. The free energy potential (G) is symmetric
and simulates the free energy potential in a region of immisci-
bility, here taken to be in the range Xo.. : 0.60-0.85 and X*
: 0.10-0.35, corresponding to the garnets in Figures 5 and 6,
respectively. The potential (G) and the compositional variable
(z) are appropriately scaled and dimensionless variables.

terest. The main objective of this analysis is thus not to
focus on the details ofthe free-energy surfbce ofthe gran-
dites but rather to investigate, in a more general way, the
dynamics of crystal gowth in a binary system involving
regions of immiscibility.

Figure 7 shows a simple symmetric potential (G) that
is consistent with the presence of miscibility gaps in the
grandite system. As indicated in this figure, the following
model will be presented in dimensionless form where the
compositional variable (a) equals - I and I at the two
minima of the G(u) potential. Thus, z: -l,l corre-
sponds to Xo- I 0.60,0.85 for the garnet in Figure 5,
implying that

Xo,o = 0.125u + 0.725 (l)

or, provided that a miscibility gap also exists within the
andradite-rich regions of the grandite binary, to Xo,o =
0.05,0.35 for the garnet in Figure 6 and thus in this case

Xo,o * 0.15u + 0.20. (l ')

For simplicity, we neglect possible temperature and pres-
sure effects and express the simple, symmetric potential
G(u) as

G(u):T - T e)
so that G(0) : 0 and G(+l) : -0.25 represent the two
minima of the G potential. Thus in the model, the free

energy of unmixing for an intermediate garnet of com-
position Xc,o : 0.725 (Eq. l) ot 0.225 (Eq. 1') corre-
sponds to 0.25 G(z) unit. In this way, the G potential is
closely related to the chemical affinity (A) of the garnet
precipitation reactions. Making an analogy with classical
mechanics, the force acting on our system in this poten-
tial field is governed by the gradient ofG; thus, analogous
to Newton's second law, a simple model for our garnet
system is provided by

-vG(u)

i i - u * u 3 : 0 .  ( 4 )

Furthermore, epitaxial growth of a garnet of a given com-
position on a garnet surface of a different composition
will not occur without resistance as a result of lattice mis-
match (cf. Copel et al., 1989). This and other dissipation
effects can be accounted for by adding a dampening term
to Equation 4. The functional form of such a dampening
term will depend on the detailed energetics of the crystal
growth processes. However, in this low-order analogue
model, we simply assume that the strain energy caused
by lattice mismatch increases with the rate of change in
the garnet composition. This leads to an equation of the
form

i l + o t l - u t u 3 - - 0  ( 5 )

where o is a proportionality constant controlling the de-
gree of dissipation in the system. Equation 5 describes
damped oscillations attracted toward u -- + l.

The garnet composition will clearly be afected both by
internal factors, such as the shape ofthe free energy sur-
face ofthe grandite system or dissipation effects due to
lattice mismatch, and by external factors (i.e., variations
in the physiochemical environment of the growing gar-
net). Furthermore, variations in the external factors may
or may not be coupled to the composition or growth rate
of the garnet itself. Here we have introduced a simple
potential G(u) that is independent of both temperature
and pressure. Thus, the only external factors affecting the
garnet composition that will be considered in the follow-
ing are possible variations in the composition of the hy-
drothermal fluid or fluids from which the garnets precip-
itated. Again, the functional form ofthe external forcing
terms added to Equation 5 will be quite arbitrary and
purely phenomenological.

The first situation we will consider simulates simple
periodic variations in the hydrothermal fluid composi-
tion that are completely independent of the garnet growth.
Adding a periodic forcing term to Equation 5 results in
an equation ofthe form

i . i +  o t t _  u t  u 3 : ? c o s t , l / .  ( 6 )

This equation is analogous to the Duffing equation, one
of the most common examples in discussions of nonlin-

(3)
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ear oscillatory systems (e.g., Guckenheimer and Holmes,
1983) and may be rewritten as an autonomous system of
three first order differential equations

ll3 - ov * 'y cos c.rd

where 7 and co control the amplitude and the frequency
ofthe forcing. A detailed presentation ofthe phase-space
(the space containing all possible states of the system) for
this set of equations and its variations with the parame-
ters 7, <,.r, and o will not be given here. However, for a
sufficiently large 7, this set of equations shows a nonpe-
riodic (chaotic) behavior with a phase-space evolution
confined to a "strange attractor" (Moon and Holmes,
1979). In the case of moderate dissipation, the chaotic
behavior is not a purely transient phenomenon; it also
describes the long term (stationary) evolution of the sys-
tem. Large dissipation, or a small forcing term, leads to
transient, nonperiodic behavior followed by damped os-
cillations attracted toward one of the minima of the G
potential. Nonperiodic behavior may also result from
quasi- or multiply periodic forcing terms.

The effects of various forcing terms are shown in Fig-
ures 8a and 8b which represent numerical solutions to
Equation 6 with different values for "y and o. In both cases
(and also in Figs. 8c and 8d) the initial conditions have
been chosen so that the system has sufficient energy to
overcome the energy barrier at G(0) for zero dissipation.
This implies that the hydrothermal solution is assumed
to be initially oversaturated with respect to an interme-
diate garnet composition corresponding Io u : 0. Eyi-
dence for this comes from the intermediate composition
of some garnet cores (e.g., Fig. 5c); however, the initial
conditions are not critical to the general features of the
long term evolution (zonation profile) of an externally
forced dissipative system. Figures 8a and 8b reflect sta-
tionary and transient nonperiodic behavior, respectively.

The next situation we will consider is simulating the
effects ofexternal forcings from a hydrothermal fluid, the
composition of which is functionally dependent on the
garnet composition. Because hydrothermal solutions are
very dilute with respect to mineral-forming components,
the fluid in the vicinity of a growing crystal will be de-
pleted in the crystal components unless the fluid flow
through the system is very rapid. In the garnet case, this
would cause changes in the affinity of the garnet precip-
itation reactions. Such a functional dependence between
the forcing and the garnet composition reduces the vari-
ance ofthe system and leads to periodic behavior. Figure
8c shows the periodic zonation pattern arising from an
equation that includes a forcing term that grows with time
as the garnet composition z(l) differs from a composition
(2") corresponding to the bulk composition of the garnet
components in the hydrothermal fluid:

i )  + ou -  u *  yr :  -p I '  uQ) -  uBdt  (S)
Jo

- I

(7)
lu:  ,
1r.: " 

-
[ d  :  l

€ l

,l

z
F
a
o l

O o
O

DIMENSIONLESS TIME SCALE

Fig. 8. Calculated zonation profiles obtained by nurnerically
solving Equations 6-8 with various dampening parameters and
forcing terms: (a) a solution to Equation 6 for r : 0.3, z : 0.3,
<., : l.0; (b) a solution to Equation 6 for o : 0. 15, 7 : 0.225, o:
: 1.0; (c) a solution to Equation 8 for a: 0.2, B:0.08; (d) a
solution to a combination of Equations 6 and 8 using the forcing
terms from both equations and the parameters o : 0.12, I :
1.0, <o : 0.5, B : 0.03. Note the nonperiodic behavior of the
solutions a. b. and d.

where B is a proportionality factor. This forcing term en-
sures that the time-integrated garnet composition, as de-
termined from a one-dimensional zonation profile (vol-
ume effects are ignored for simplicity), equals z" as time
approaches infinity.

An example of the complexity that may arise from
slightly more complex forcing terms is shown in Figure
8d where the two forcing terms of Equations 6 and 8 are
added together. It is evident that making the forcing terms
slightly more complex rapidly leads to exceedingly com-
plex zonation patterns.

Comparison of the measured garnet zonation profiles
and zonation patterns calculated from our simple ana-
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logue model reveals several differences in the details.
These arise not only from insufrcient detailed knowledge
ofthe shape ofthe free-energy surface, ofthe functional
forms of dissipation efects, and of the external forcings
on the natural garnet system, but also from the nonlinear
nature of the processes. Even if the deterministic, math-
ematical model is correct, the pattern would depend
heavily on the initial conditions. This is characteristic of
nonlinear chaotic dynamics that have been much dis-
cussed in recent technical and popular literature on de-
terministic chaos. However, there are also a number of
similar elements between the measured and the calculat-
ed zonation profiles. The observed profiles show a general
lack of periodicity and show large changes between two
compositional levels with smoother oscillations (at least
if the core and rim compositions are ignored). The profile
in Figure 6b is strikingly similar to the calculated profile
with large dissipation and low external forcing (Fig. 8b).
This zonation pattern is clearly the result ofnonstation-
ary, transient processes. This may also be the case for the
profile in Figure 5c; however, the theory indicates that
even stationary chaotic behavior may arise under the in-
fluence of a periodic external template, at least if the free
energy potential in the model resembles the real potential
in the grandite system.

DrscussroN

Oscillatory zonation patterns have been a well-known
but poorly understood feature ofgrandite garnets. Earlier
descriptions of similar garnets (kssing and Standish 1973;
Murad 1976) are consistent with the observations re-
ported here. A characteristic feature ofall these zonation
profiles is the abrupt changes in chemistry from one in-
tracrystal layer to another. These sharp contacts have ear-
lier been taken as an indication of rapid crystal growth
or rapid changes in the composition of the hydrothermal
solution. However, the data presented above suggest that
these contacts may instead represent phase boundaries.
This does not, however, exclude the possibility of rela-
tively rapid eirowth from a rapidly changing hydrother-
mal solution.

The garnet growth rate may be related to either the
degree of supersaturation (kinetically controlled gowth
rate) or the rate of mass transport through the hydro-
thermal solution (transport controlled growth rate under
local equilibrium conditions). In the present case, evi-
dence for a substantial degree of supersaturation stems
from the occurrence ofsmall euhedral garnets in the cen-
ter of the hydrothermal veins, which may indicate that
the hydrothermal fluid was sufficiently oversaturated with
respect to garnet to allow homogeneous nucleation. Fur-
thermore, as mentioned above, the intermediate com-
position of some garnet cores may imply that the fluid
was supersaturated with respect to an intermediate garnet
composition within a region of immiscibility (i.e., a gar-
net with a composition close to u : 0 in terms of the
dimensionless composition variable). An observation that
may indicate changes in the garnet growth rate is the

marked decrease in the density of fluid inclusions near
the rim of some stage I garnets (Fig. 6b). This decrease
may plausibly be explained as a decrease in the erowth
rate of the garnet, because a decrease in the growth rate
probably would lead to a reduction of the density of im-
perfections on the garnet surface where minute fluid in-
clusions may be trapped. Stabilization of the interface
between a planar crystal and a solution is well known to
be favored by low growth rates (e.g., O'Hara et al., 1968).
In the kinetic case, a reduction of growth rate implies a
reduction in the chemical affinity of the garnet precipi-
tation reactions, and by reference to the model presented
above, the compositional oscillations would be attracted
toward one of the minima of the G potential (i.e., u :
+ l). This is precisely what is observed (Fig. 6b). On the
other hand, ifthe decrease in growth rate resulted purely
from less efficient supply of garnet components from the
hydrothermal fluid, additional factors would have to be
invoked to explain the subsequent more grossular-rich
garnet phase. In short, kinetic growth-rate control auto-
matically relates the decrease in growth rate and the
dampening of the oscillations observed in Figure 6b,
whereas transport control requires an additional expla-
nation for the changes in the shape ofthe zonation profile.

The model presented above demonstrates how nonlin-
ear processes may control zonation patterns in binary sol-
id solutions with regions of immiscibility. Nonlinear be-
havior may arise even in the case of periodic external
forcings or templates. This is a result of the local maxi-
mum on the free energy potential lat G (p : 0) in the
modell and the dissipation of energy by growth of one
garnet composition upon another. This analysis offers a
general understanding ofthe underlying dynamics reflect-
ed by a nonperiodic oscillatory zonation pattern, based
on a dimensionless formulation of the theory. At present,
thermodynamic data are inadequate to portray accurately
the free energy (G) composition (e.g., Xo..) relations in
grandite solutions. Future thermodynamic data may per-
mit a more detailed dimensional analysis and simulation
of garnet $owth processes in naturally grown grandite
garnets. However, even at this stage, the analysis allows
new insight into the dynamics of a subcritical binary sys-
tem away from thermodynamic equilibrium. In fact, the
oscillatory zonation patterns in grandite garnet may rep-
resent an example of dissipative structures in geosystems
at a scale where the local equilibrium approximation has
generally been regarded as a reasonable assumption in
metamorphic systems. The theory further predicts that,
under certain conditions, stationary chaotic behavior (time
evolution) may arise as a result of purely deterministic
dynamics.

The approach used here may be applied to the analysis
ofthe effects ofexternal forcings on other dynamical sys-
tems of geological interest where the topology of the rel-
evant potential surface is complex. This is commonly the
case for solid solutions at low temperatures but may also
apply to phase transitions in other multicomponent sys-
tems.
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