Mineralogical Magazine, December 1998, Vol. 62(6), pp. 857-868
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ABSTRACT

The available data on compositional zoning in grossular—andradite (grandite) garnets occurring at
different scales, mainly due to the variations of their Fe**/Al ratios, and the hypotheses on the origin of
this zoning are reviewed. Four zoned crystals of grandites showing different optical properties have
been studied by means of X-ray diffraction. Optical and structural studies suggest three superimposed
scales of Fe’"/Al zonality along [110]. The drastic change of the structural characteristics from sample
to sample correlates with the change of their optical patterns. The superfine oscillatory zoning has been
described in terms of irregular interstratified structures with a high degree of segregation. The self-
affinity of zoning at different scales testify to the possible origin of the zonality due to the non-linear
dynamics at the growth front. The wide variation of the layer compositions revealed by the modelling
of the X-ray diffraction profiles seems to contradict the hypothesis of unmixing in grandite garnets.

Kevworos: garnet, grandite, zoning.

Introduction

GROSSULAR-ANDRADITE (grandite) garnets usually
show intracrystalline zonality of different types
which has been described in a number of papers
(Lessing and Standish, 1973; Vlasova ef al., 1975;
Murad, 1976; Hirai et al., 1982; Hirai and
Nakazawa, 1982, 1986a,b; Akizuki ef al., 1984;
Jamtveit, 1991; Jamtveit et al., 1993, 1995). It has
been shown that the zones in grandites differ
mainly in their Fe**/Al ratios but the distribution
of trace elements (for instance, Ti, As, Mn) can
also be inhomogeneous (Jamtveit et al., 1995).
Besides, the changes in Al/Fe ordering may result
in the zonality which is visible with a polarising
microscope and is due to the difference in either
the birefringence or the direction of extinction
between the zones (Shtukenberg et al., 1996).
Table ! summarises the data available on the
compositional zonality in grandites.

The compositional changes can be either
continuous or discrete, with sharp boundaries of
the zones. In both the cases, either periodic or
non-periodic changes can occur. In non-periodic
zonality the thickness of zones can vary from a
few um to a few centimetres. Two scales of
oscillating compositional variations can co-exist
in a crystal; a coarse one with a thickness from
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tens to hundreds of pm, and a fine one with a
thickness of tenths to tens of pm. Moreover, the
birefringent major zones with intermediate
composition in the grossular—andradite series
usually contain the fine zones. At the same time,
the isotropic coarse zones, with compositions
close to those of the end-members of the series,
are usually homogeneous. As a rule, the complex
oscillating zonality is parallel to the growth front
which in most cases corresponds to the faces
(110) of a dodecahedron. In some cases this
zonality is accompanied by the lamellar texture
with a variable direction of alternation relative to
the growth front. The thickness of the lamellae
can vary from a few, up to tens of pm. Some of
them have a wavy shape.

According to the scale of zonality, various
methods of its study are commonly used. Electron
probe microanalysis and optical microscopy are
suitable for the study of zonality with the
thickness of zones more than tens of pm. In the
case of fine zonality other electron microscopy
(EM) techniques (scanning, transmission or
analytical electron microscopy) can be addition-
ally used. Optical diffraction (OD) is useful for
the study of strictly periodic zonality if the zones
differ in their optical properties and have the
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thickness of the order of 1000 A. With the OD
technique the thickness of zones can be properly
determined but no information about their
composition can be obtained. Although it has a
great advantage in revealing fine scale structural
details, electron microscopy is a localised method.
On the other hand, X-ray diffraction studies
permit the determination of average structural
characteristics of a crystal. A number of X-ray
structural studies of grandites (Novak and Gibbs,
1971; Takeuchi et al., 1982; Lager et al., 1989;
Allen and Buseck, 1988; Kingma and Downs,
1989 etc.) have been carried out. However, the
diffraction peak profile analysis, which can help
in revealing the inhomogeneity of the crystal even
at the superfine level (hundreds of angstroms),
have not been used up to now. The statistical
model of disordered lamellar structures (Drits and
Tchoubar, 1990) permits a quantitative descrip-
tion of the inhomogeneity of single crystals with
layer defects, intergrowths, fine zonality, exsolu-
tion textures etc. (Frank-Kamenetskaya and
Ivanova, 1997). We applied this approach to the
study of the zoned crystals of grandites. In this
paper, the structural models are presented and
compared with the optical characteristics of the
samples as well as with the results of the studies
of the zonality in grandites carried out by the
other researches using different techniques.

Theoretical background

Interstratified (or mixed-layered) structures are
built from two-dimensional modules (layers)
differing in chemical composition as well as in
crystal structure. The modules are stacked in a
more or less ordered sequence and can occur in
any proportion. Irregular alternation of layers,
having identical or fairly different two-dimen-
sional cell in the layer plane that allows them to
coexist within a coherent domain, perturbs the
perfect periodicity of the whole structure in the
direction perpendicular to the layer plane. For the
quantitative description of the irregular inter-
stratified structures of single crystals we proposed
(Frank-Kamenetskaya and Ivanova, 1997) the use
of the statistical model (Drits and Tchoubar,
1990) with parameters which characterise a
proportion of layers and a motif of their
distribution along a certain direction in a coherent
domain.

The distribution of layers in a two-component
irregular interstratified structure with the factor of
short-range order S = 1 (i.e. the nature of a layer
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depends only on the nature of the preceding layer)
can be characterised by two independent statis-
tical parameters: the probability of occurrence of
one type of layers (W, or W, =1 — W) and one of
the conditional probabilities of finding a j-type
layer following an i-type in the stack P, (ij =

The character of alternation of layers with
heights #; and %, in a two-component (major type
of layers — matrix, minor type — admixture)
irregular interstratified structure is completely
defined by the relationship between the prob-
ability of occurrence of admixture layers W, (W,
< W) and the probability of occurrence of an
admixture layer following a layer of the same type
Py (0 € Py, < 1). If Pyy = W, the structure is
characterised by a random distribution of layers
(totally disordered structure with S = 0). In the
structure with Py, = 0 the layers of admixture
cannot follow each other. They are distributed
among the layers of matrix with maximum
possible for the structures with S = 1 degree of
order (MPDO). The case with Py, =0 and W; =
W, corresponds to the regular (1:1) mixed-layered
structure. When W, > P,, > 0, the alternation of
layers in the structure has a tendency to order. The
total segregation of each type of layers is
characterised by P;; = P,; = 1. The structures
with 0 < W, < Py, have a tendency to segregation
in layer distribution (P, > P,;). The degree of
segregation can be described by the segregation
coefficient K, = 1 ~ (1 —Pxp)(1 — W,) (Sato,
1965). K, = 1 corresponds to the total segregation
of layers, K; = 0 — to the total disorder in layer
distribution.

The scale of the structural inhomogeneity of a
crystal can be characterised (Ivanova et al., 1994)
by the maximum possible thickness of a stack of
admixture layers / = W,Pp,L in a coherent domain
with the size along the certain direction L = (W1h;
+ Wahs) M, where M is the total number of layers
in a coherent domain. The value of / can vary
from the height of single admixture layer in the
structures with MPDO up to L/2 in the structures
with high P,, and W, values.

The specific type of defects — the fluctuations
of layer heights around the mean values 4, and %,
~— can also occur in a stack of layers that
originates from the variations of their composi-
tion. It can be assumed (Drits and Tchoubar,
1990) that the fluctuations of layer heights follow
a normal Gaussian distribution (with o, as a
standard deviation of layer height) without long-
range correlation among the defects which there-
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fore yield a disorder of the second type (Guinier,
1961).

The distinct features of the diffraction patterns
of crystals with irregular interstratified structures
are that basal reflections form irrational series and
usually display a broadening and asymmetry of
their profiles. The presence of layer height
fluctuations affects the diffraction patterns
leading to an extra-broadening of reflections.
Their width increases rapidly with 26 whereas
their intensity drops drastically.

The determination of the statistical parameters
of mixed-layered structures is carried out by trial
and error by simulating the diffraction patterns of
the crystals. The intensities of the reflections
measured along the direction normal to the layer
plane are compared with those calculated for a
structural model. This allows rejection of the
unreliable models but inevitably leads to the
multivariant results. The reliability of models can
be increased by bringing the data on crystal
structural chemistry into agreement with the
chemical microanalytical data for the samples.

birefringent zones with a mean thickness ratio of
1:3. In most zones n,’ is parallel to the growth
front. According to the data on optical anomalies
in grandites (Shtukenberg et al., 1996) together
with the results of EPMA it could be concluded
that isotropic zones have compositions close to
that of grossular, whereas birefringent ones
represent intermediate members of the grandite
series.

Sample 3 has the highest birefringence among
the samples and does not display clear zonality in
optics but shows wedge-like subzones adjoining
the boundaries of the growth sectors and tapering
off to their central parts. Different subzones have
similar birefringence values but are distinguished
by the direction of extinction (few degrees). The
nature of these subzones is not clear but it is likely
that they differ in the degree of Al/Fe® ordering
(Shtukenberg et al., 1996).

Sample 4 is close to sample 2 from its optical
pattern but, the alternating zones with variable
thicknesses have birefringence two orders of
magnitude higher. The oscillations of birefrin-
gence superimpose on the monotonous increase in
birefringence from the centre to the outer part of

Experimental the sample

Samples and their optical patterns
Four grandite crystals from limestone skarns of

Mali (West Africa) were kindly provided by Dr J. Xeray diffraction medsurements

Zang. They exhibited dodecahedral habit and
were 1—3 cm in diameter. Plates normal to (001)
were cut from each sample and studied with a
polarising microscope and by EPMA (Table 2).
The samples displayed different types of optical
anomalies and showed complicated optical
patterns with two scales of zonality. EPMA
carried out with a ‘Camscan’ microanalyser
could not distinguish the composition of fine
zones which were clearly resolved in optics. Thus,
only the average composition of the major zones
was determined.

The internal part of sample 1 contains
alternating zones with n, or »,' parallel to the
growth front. The Becke effect is clearly seen
between the zones which means that they have
different compositions (Shtukenberg et al., 1996).
In the external part of the sample the orientation
of the optical indicatrix varies randomly between
zones, but the angle between the corresponding
axes of the indicatrix does not exceed 20°. In both
internal and external parts of the sample the zones
also differ in the birefringence value.

The optical pattern of sample 2 is characterised
by the alternation of nearly isotropic and
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X-ray diffraction patterns of garnet crystals were
obtained from the natural (110) faces. The
measurements of the intensities of 440 reflections
were carried out by 0—20 scanning along the
[110} direction in a conventional autodiffract-
ometer (Co-K, radiation) equipped with a
graphite monochromator. The width of the slit
in front of the detector (0.05 mm) was chosen
empirically so that further decrease in the width of
the slit did not change the half-width of a
reflection any more. The scanning step was
0.01—-0.02 °20 and the measurement time of up
to 10 sec per point were set depending on the half-
width and the intensity of the measured reflec-
tions. The thin plate of lead with the hole of 3 mm
in diameter was placed over the sample to keep
the illuminated area constant. The Ko, radiation
contribution was subtracted from the experi-
mental data by the method of Reshinger
(Guinier, 1961). A natural single crystal of
quartz from the Polar Urals was used as a
standard.

The depth at which X-rays diffracted by a
sample of garnet are weakened by a factor of 100
was determined to be 15—-25 pm, dependening on
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T r
0.0 0.2 0.4 0.6 0.8 1.0
x, mol. fraction

0 L L L L
0.0 0.2 04 06 0.8 1.0

Fe’ content in Fe/Al position

Fie. 1. (a) The lattice constant a (data taken from Novak and Gibbs, 1971; Lager er al., 1989; Allen and Buseck,
1988) as a function of Fe’* fraction x in grandite; (b) the calculated intensity ratio of 440 and 220 reflections as a

function of the Fe®" content in the Fe®*/Al crystallographic position in the structure of grandite.

the 26 angles. This means that the data were
collected from the outer zone of a sample.

Simulation of the diffraction patterns

The formalism described by Drits and Tchoubar
(1990) was used for calculating the intensity of the
wave diffracted by an irregular interstratified
system. The atomic co-ordinates in the structure
of grandites were taken from Allen and Buseck
(1988). The following set of variables were used to
define a two-component structural model: the
occupation of Fe* /Al positions, the layer heights
(corresponding to dj)o) and the statistical para-
meters W;, Py and M. The dependence of the lattice
constant a¢ on the fraction of the andradite
component x = Fe’"(Fe® + Al) (Fig. la ) and
the intensity ratio between 220 and 440 reflections
which is extremely sensitive to the occupation of
the Fe®"/Al position (Fig. 1b) were taken into
account. It was found that the increase in Fe®”
content of 0.1 per chemical formula causes the
increase in the layer height of 0.005 A. The
calculated intensities were corrected by Lorenz-
polarisation factor for single crystals. The compar-
ison of the measured intensities and those
calculated from the models was carried out with
commonly used residual factors Ry and Rp.

Results

Comparison of the diffraction patterns of the
standard crystal and grandite samples (Fig. 2)
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showed that the observed diffraction effects
originate from the structure of the samples and
not from the measurement conditions. The
diffraction patterns of samples 1 and 2 (Fig. 3)
are characterised by asymmetry and/or splitting
occurring from the side of the reflections (low 20)
and increasing along with the 20 value
(Fig. 3a,b). The reflections of sample 3 showed
a rather symmetrical profile (Fig. 3c¢). However,
in the process of modelling, extra-broadening of
the reflections has been found for the diffraction
patterns of samples 2 and 3. In the case of
sample 2 the splitting occurs in combination with
the extra-broadening, suggesting a rather compli-
cated structure of the sample. The diffraction
pattern of sample 4 (Fig. 3d) is difficult to
interpret since it displays the asymmetry from
low 28-side as well as double splitting from high
28-side.

The statistical parameters of the structural
models which gave the best fit between the
measured and calculated intensities of 440
reflections of samples 1—3 are listed in Table 3.
It is concluded that the inhomogeneity of grand-
ites results from the co-existence of two types of
layers, which have different Fe3*/Al ratios
alternating along the [110] direction. The distinct
feature of the interstratified structures is the strong
tendency to segregation of both types of layers (K
= 0.97—1.0) and sufficient concentration of the
admixture layers (W, = 0.15—0.35). Since the
structures are characterised by high 7, and P,
values, the maximum possible thickness of a stack



T 1. IVANOVA ETAL.

a

sample 1 o, 440
A

[

[ o,

e

/7
RN o cnd // e e
498 50.0 50.2 50.4 50.6
© 20 Co-Kou

standard o,

220

F16. 2. The comparison of the profiles of the diffraction peaks of the sample 1 (@) and of the standard crystal of
quartz (b).

of the admixture layers (the scale of inhomo-
geneity) is expected to be rather high — up to
500 A. Besides, the structures of two samples
(samples 2 and 3) are characterised by the
fluctuations in layer heights. In sample 2, both
types of layers, which show the total segregation,
have variations in composition around different
mean values. The structure of the sample 3
consists of only one type of layer but has a
compositional variation covering nearly the whole
range (Alyg_18Fe14-02). The average cation
composition of the crystals calculated from the
models in all cases show good agreement with the
data obtained independently by electron probe
microanalysis of the outer zones of the samples.

We failed to find a reliable structural model
which could give a good fit between the
experimental and calculated diffraction patterns
of sample 4. The analysis of the diffraction
pattern suggests the alternation of at least four

types of layers with approximate mean x values of
0.45, 0.64, 0.76 and 0.38 respectively. This
increases greatly the multivariance of modelling.

Discussion
Zondlity patterns

The optical and diffraction patterns vary greatly
between samples. However, there is a correlation
between the optical and structural characteristics
for each sample. Thus, the structure of sample 3
which is the most optically homogeneous
comprises only one type of layer. The variations
in Al/Fe®" ratios may be in line with the existence
of fine wedge-like subzones stretching nearly
parallel to the (110) face.

The alternation of two types of layer, each with
composition corresponding to the intermediate
members of grandite series (Table 3) explains the
birefringence in the outer part of sample 1. The

TABLE 3. The parameters of irregular interstratified structures of grandite crystals Cas(Al, Fe?")5(Si04)s

Samp. &, A Cation composition

Statistical parameters

Average cation composition
of the outer zone

of layers . . .
N M W Py K. LA LA o, A Calculated from  EPMA data
the model
1 4210 Cas(AlpoFeos0)s 320 065 099 097 1350 460  — CasAl sFegrs  CagAlissFeges
4225 Cas(AlgsoFeoso) 035 098
2 4215  Cas(AlygsiossFeosscass): 380 085 1.0 1.0 1600 240 0035  CasAluFepzs  CasAl agFegs
4230 Cag(Alouso3sFeos54035) 015 1.0 0.035
3 4210 Cas(AlogososoFeosososn)s 360 1.0 10  — 1515 — 0030  CasAl 4Feqs CazAl| JFegs

864
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a sample 1 b sample 2
. o

440

440

502 50.3

T T
49.9 50.0 50.1

BN
; . ; . . — ‘
499 500 501 502 503 504 505 506 496 497 498
° 26 Co-Ka, ° 28 Co-Ka,
N f; i
g )
g
Ji
B i [PPSR =
241 242 240 241 242 243 244 245 246 247
° 28 Co-Ko,

d sample 4

440 440

e e
50.3 50.4 50.5

50.2

VT N e wena ]

499 500 504 502 503 504 605 506 498 498 500 501

° 26 Co-Ka, ° 20 Co-Ka,
F
f t
[
.
{ i
/ |
J |

e B S B

o e g e e
244 245 246 247 248

~
L nvas oerm e s ¥

24 22 23 244 245 246

° 20 Co-Kat, ° 20 Co-Ka,

F1G. 3. (a—d) The measured intensities (dots) of #40 reflections of the samples 1—4 and those calculated for the final
structural models (solid line). Dashed lines represent the intensities calculated for the defect-free models (samples 1
and 3) and for the model with two types of totally segregated layers but without the fluctuations of their heights.

(sample 2).
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thickness of stacks of admixture layers is less than
500 A whereas matrix layers form stacks which
have thicknesses of not less than 1000 A. These
values are three orders of magnitude lower than
the thickness of birefringent zones (50 pm in
average), which differ in the orientation of their
optical indicatrix. This means that we revealed the
inhomogeneous structure of the single zone. Both
of the coexisting zonalities have similar patterns
but show different scales of manifestation within
the sample.

The complicated structure of sample 2 contains
two types of layer, both with highly variable
compositions. The thickness of stacks of admix-
ture layers is less than 200 A whereas matrix
layers form stacks of thickness not less than
1000 A. Since the range of composition variation
includes pure grossular, we may expect the
occurrence of isotropic layers among the birefrin-
gent ones. A similar pattern is clearly seen in their
optical properties, which indicate that the
isotropic zones of 3—5 pm in thickness alternate
with the birefringent zones of 10—15 um in
thickness. The outer zone of the sample
contributing to the diffraction pattern is a
birefringent one and it consists of alternating
superfine lamellae across which the composition
varies widely.

As for sample 4 the analysis of the diffraction
pattern suggests the alternation of several types of
layers with significantly different compositions.
This is in line with the optical pattern which
displays zones varying in thickness and birefrin-
gence.

Thus, the combined analysis of the results of
the optical and structural studies of grandites
revealed three superimposed types of zonality
which are present at different scales along [110].
This conclusion is in agreement with the data
published earlier (Table 1). The drastic change of
structural properties from sample to sample along
with the changes in their optical patterns shows
evidence for the correlation between the fine and
superfine oscillating zonality in grandites.

the origin of zondlity in grandites

The origin of complex multiscale zonality
patterns in grandites is still questionable. Three
main hypotheses have been proposed (Table 1):
1. Any compositional zonality is the result of
abrupt or continuous changes in the composition
of a hydrothermal solution as well as in p—7T
conditions occurring during crystal growth.
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2. Fine growth zonality originates from the
non-stationary growth dynamics.

3. Post-growth exsolution is the reason of the
formation of the wave-like or tweed-like texture.

Each hypothesis is discussed separately,
starting with the last, which seems to be the
most unlikely.

Firstly, the occurrence of solid solution
decomposition in grandites is proposed
(Jamtveit, 1991) based on the absence of the
crystals with certain composition of x =
0.20—0.35 and x = 0.65—-0.90. However, the
published data (Table 1) and our results (Table 2)
do not support this statement. Secondly, the
thermodynamic solution model by Engi and
Wersin (1987) suggests the existence of a
miscibility gap in the range of x = 0.02—0.42 at
200°C with the solvus peak at 440°C and x = 0.17.
On the other hand, the thermodynamic analysis by
Ganguly (1976) shows a small negative deviation
from ideality in the grossular—andradite join,
which would prevent any immiscibility of the
solid solution. Besides, the composition of the co-
existing lamellae differs greatly between the data
of the different authors (Table 1): x = 0.15-0.55,
0.7-0.95, 0.52—0.58, 0.78—0.87 and 0.90—0.98,
that discounts the solution model of Engi and
Wersin (1987). Our data on the compositions of
superfine zones (Table 3) rule out the hypothesis
of one or more miscibility gaps in the grandite
solid solution series since the wide variations of
zone compositions overlap.

Thirdly, the superposition of the lamellae with
different compositions on to the growth zonality
resulting in the formation of a wave-like or tweed-
like texture, is considered to be the proof of the
exsolution process in grandites (Hirai and
Nakazawa, 1986a,b). However, Akizuki et al.
(1984) showed that at any rate the wave-like
texture could be formed during crystal growth.

It follows from the above considerations that
the formation of fine oscillating zonality in
grandites by solid solution decomposition is
highly questionable.

The grown-in zonality can originate from the
variations of growth conditions that is pointed out
by the similar zonality patterns of different
crystals in the same ensemble (Jamtveit et al.,
1995). The several scales of zonality co-existing
in one and the same sample (Tables 1—3) may
contradict this hypothesis. The fact that sample 2
(Table 2) is characterised by the similar fine
zonality superimposed on the major zones but
with a different composition, testifies to the co-
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operative effect of the external conditions and the
non-linear dynamics at the growth front. The
particular mechanism of the latter process is
discussed in only one paper (Jamtveit, 1991)
where it is related to the miscibility gap in the
grossular-andradite series. Even if this
mechanism operates, it cannot be a general
process since the oscillating zonality is peculiar
for crystals with any composition. This makes the
existence of a miscibility gap even more doubtful.

Most likely, the complex oscillating zonality
originates from the local substance transport
coupled to the surface kinetics. This mechanism
is not yet elaborated in detail for the isomorphic
series with perfect miscibility; however, a few
models have been proposed for the zoned crystals
of plagioclase (Haase et al., 1980; Allegre et al.,
1981; Heurex and Fowler, 1994). This hypothesis
is consistent with the extreme abundance of the
zonality in grandites of different composition as
well as with the self-affinity of zoning at different
scales (Tables 1-3).
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