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Cellular intergrowth between quartz and
sodium-rich plagioclase (myrmekite) — an
analogue of discontinuous precipitation in metal

alloys
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Gneissic rocks of the contact aureole of the Traversella Intrusion (N. ltaly) reveal a cellular
intergrowth of quartz and oligoclase (myrmekite), originating from alkali feldspar grain bound-
aries. The myrmekite occurs in a temperature range of 500 to 670° C. The size of the cells and
the lamellar spacing of the quartz rods increase with rising temperature. A comparison of the
characteristic features of myrmekite cells with discontinuous precipitation cells of alloys indi-
cates many similarities between the reactions. it is concluded that the formation of myrmekite
is a solid-state reaction; a supersaturated alkali feldspar decomposes into a cellular structure
growing behind a moving incoherent grain boundary. Micro probe analyses of the original
alkali feldspar, the reaction products, and the volume relationship of the reactants (quartz,
sodium-rich plagioclase) show that an ion exchange occurs during the reaction (K* removed;
Na*, Ca®* and Si** added). A model describing the early stages of the formation of myrmekite

is presented.

1. Introduction

The feldspars are the most important mineral group in
the upper lithosphere. The majority of feldspars may
be classified chemically as members of the ternary
system NaAlSi;O; (albite)-KAIlSi; Oy (alkali feld-
spar)—CaAl, Si, O, (anorthite). Members of the series
between NaAlSi;O, and KAlSi;O; are called alkali
feldspars, and those between NaAlSi,O; and CaAl,
Si, 04 plagioclase feldspars [1]. A supersaturated alkali
feldspar reduces its free energy by phase separation
into sodium-rich and potassium-rich components,
Alkali feldspars can adjust their composition easily
by diffusion of potassium and sodium (and calcium)
in the solid state. Three different mechanisms of pre-
cipitation are possible [2]:

(i) The alkali feldspar precipitates oriented lamellae
by nucleation and growth or by spinodal decompo-
sition.

(ii) Rims of albite (or orthoclase) are formed at the
grain boundaries of alkali feldspars by heterogeneous
nucleation of albite [3].

(ii)) Myrmekite, a cellular intergrowth of quartz
and sodium-rich plagioclase, is nucleated at the grain
boundary [2].

Myrmekite is an intergrowth between quartz and
sodium-rich plagioclase that is situated next to alkali
feldspar. Myrmekite may be found as blebs between
adjacent but differently oriented alkali feldspar crys-
tals. This type is called intergranular myrmekite [4].
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Myrmekite may be found in minor or accessory
amounts in any plutonic rock which contains quartz
and perthitic alkali feldspar (two-phase alkali feldspar).
The following characteristic properties are attributed
to myrmekite in the literature:

(i) It is always associated with alkali feldspar [3].

(ii) The plagioclase of the myrmekite cell is com-
monly a sodium-rich plagioclase (oligoclase). There
may be a proportional relationship between the volume
of quartz and the anorthite component of the associ-
ated myrmekite plagioclase [4].

(iii) If the overall surface of the intergrowth is
bulbous or nodular and convex towards associated
potash feldspar, then the quartz rods may fan out and
describe crude radii within the host plagioclase. The
quartz rods tend to stand approximately normal to the
surface [4, 6] (Fig. 1).

(iv) The quartz rods tend to maintain a definite
mean lateral spacing as a function of the temperature
of formation. Very often, the quartz rods terminate
abruptly in blunt lobes, usually at the presumed orig-
inal alkali feldspar grain boundary [4, 7].

(v) The plagioclase in myrmekite is crystallo-
graphically parallel to the primary alkali feldspar
on which it forms a rim. In cases where myrmekite
is sct as a serics of double blebs between two
adjacent alkali feldspar crystals (intergranular
myrmekite), the orientation of the plagioclase of
one set of blebs is the same as that of the perthitic
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plagioclase in the potash feldspar to which it is
attached [3, 6].

(vi) Myrmekite only occurs at migrating, high-
angle grain boundaries [6, 8].

(vii) Myrmekite formation occurs only during cool-
ing [7].

A discontinuous precipitation reaction of an alloy
(cellular reaction) is a solid-state phase transformation
which results in the decomposition of a supersaturated
solid solution into a cellular structure consisting of
two (or more) stable phases. In many systems, the
decomposition involves the migration of an inco-
herent interface (reaction front) between the super-
saturated solid solution and the cellular structure. The
decomposition occurs predominantly by an interfacial
diffusion process from the solid solution to the cor-
responding phases in the cellular structure. The inco-
herent interface (reaction front) is usually formed by
the migration of a high-angle grain boundary which
was present in the supersaturated solid solution [9].
The discontinuous precipitation reaction is reviewed
by Hillert [10] and Hornbogen [11].

The driving force for the movement of the inco-
herent grain boundary in discontinuous precipitation
is the difference in free energy between the super-
saturated solid solution and its equilibrium phases. The
precipitates of the discontinuous precipitation cells
show a lamellar arrangement. The width of the
lamellac and the lamellar spacing are controlled by
the interfacial energy of the lamellae and the grain-
boundary diffusion coefficient. That is, the lamellar
spacing and the width of the lamellae depend on the
temperature of the discontinuous precipitation reac-
tion [12].

A comparison of the characteristic features of
myrmekite formation with those of discontinuous cel-
lular precipitation in metal alloys shows many fea-
tures in common. It is the main purpose of the present
paper to show that myrmekites are formed in a similar
way to discontinuous cellular precipitates in metal
alloys. An example of myrmekite formation in the
contact aureole (the area around an intrusion, affected
by the heat of an intrusion) of a magmatic intrusion is

Figure 1 SEM micrograph showing a myrmekite cell growing into
an alkali feldspar (characterized by etch pits). The bright rods are
quartz in a matrix of sodium-rich plagioclase (oligoclase). The
original grain boundary between the two adjacent alkali feldspars
runs NE-SW, and is decorated with lobes of quartz (sample was
etched with hydrofluoric acid).
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given. A summation reaction scheme for the forma-
tion of myrmekites is deduced, and a model describing
the early stages of the myrmekite formation is pre-
sented. The geological setting and the distribution of
the maximum temperatures in the contact aureole as
a function of the distance from the intrusion are des-
cribed elsewhere [13].

2. Experimental details and methods

For polarized light analysis of myrmekite, thin sec-
tions were cut from suitable rock samples. For quali-
tative investigations with a scanning electron micro-
scope (SEM) (Cambridge Stereoscan 180, fitted with
an energy dispersive EDAX system), samples were
etched with hydrofluoric acid. Chemical analyses were
carried out on polished thin sections with an ARL
microprobe using standard material for reference
(Sanidine 751 for potassium; albite Amelia County
for silicon, aluminium and sodium; anorthite glass
An-100 for calcium).

Samples for transmission electron microscopy
(TEM) studies were prepared from uncovered thin
sections. Suitable areas were selected with the polariz-
ing microscope and marked. These areas were extrac-
ted from the thin sections by means of Technovit 5071
(Technovit 5071 is a cold-curing resin for indirect
surface testing and impressions). Technovit protects
the sample from damage during the extraction and
can be removed from the sample by acetone. The
samples, mounted on copper grids (diameter 3 mm),
were thinned for TEM by ion beam milling (argon
99.999; 5kV, 80mA), and coated with carbon. TEM
was performed at 200kV in a JEOL JEM 200A with
side-entry goniometer.

Quartz and oligoclase volumes were calculated
from optical photomicrograph enlargements of about
15 myrmekite cells using the line sectioning method
described in detail elsewhere [14]. The size of the
myrmekite cells was measured by means of light
microscopy, using a calibrated ocular. The diameters
of about 50 different myrmekite cells per thin section
were measured parallel and normal to the reaction
front, and the mean values were calculated. For
measuring the spacing of the quartz rods the same
method was used.

3. Results

3.1. Microscopic observations

In gneissic rocks (crystalline schists with quartz,
feldspar and mica as major components) within the
contact aureole of the Traversella Intrusion (quartz—
diorite-monzonite), alkali feldspars with considerable
amounts of myrmekite can be found. The maximum
temperature at the contact depends on the tempera-
ture of the intrusion, the depth of the intrusion, the
temperature of the country rocks at that depth, and is
estimated to be 640 to 670°C [13]. With increas-
ing distance from the intrusion, the maximum
temperature within the contact aureole decreases to
500 to 520°C at about 80m (the temperatures are
deduced from the breakdown reaction of phengite,
and thé occurrence of microcline-sanidine) [13]. This
is the temperature interval in which myrmekite is



Figure 2 SEM micrograph of myrmekite with a cellular arrange-
ment of quartz in a sodium-rich plagioclase matrix (oligoclase). The
reaction front is marked by the terminating quartz rods. The lower
part of the micrograph shows the partially replaced alkali feldspar.
The thin, parallel, NE-SW bright lines in the alkali feldspar are
oriented exsolution lamellae of albite,

observed in the contact aureole of the Traverselia
Intrusion.

Polarized light analyses of thin sections of suitable
rock samples reveal that, originating from alkali feld-
spar grain boundaries and occasionally from plagio-
clase/alkali feldspar phase boundaries, alkali feldspar
is replaced by a cellular arrangement of quartz and
sodium-rich plagioclase (oligoclase) (Fig. 2). Alkali
feldspar is never completely replaced by myrmekite
cells, and twin boundaries in alkali feldspar do not
nucleate myrmekite cells. This is consistent with the
observations of Schreyer and of Voll [6, 8]. Addition-
ally, there is precipitation of thin albite lamellae
(< 1 ym) within the alkali feldspars (Fig. 3). This type
of precipitation is already described in the literature
{2].

The quartz rods are approximatety normal to the
boundary between myrmekite and alkali feldspar. The
average cell dimensions (mean values of the dimension
vertical and parallel to the reaction front) and the
lateral spacing of the quartz rods increase towards the
contact (Table I). The oligoclase of the myrmekite
cells and the alkali feldspar with which it shares a
common grain boundary have the same crystalio-
graphic orientation. In the sample shown in Fig. 4 two
alkali feldspars (I, II) have a common grain boundary.
The oligoclase of the myrmekite cell growing into the
alkali feldspar II then adopts the crystallographic
orientation of alkali feldspar 1. Similar behaviour has
been observed by Smith in metal alloys, and by Voll in
silicates [6, 15).

.
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Figure 3 Parallel exsolution lamellae of albite in alkali feldspar.
TEM micrograph, bright field image.

3.2. Chemistry

Traverses of electron microprobe analyses across
myrmekite cells and the adjacent alkali feldspars show
that the plagioclase of the myrmekite cells is oligoclase
(plagioclase with about 2.3 wt % CaQ). The resuits of
the analyses are shown in Table II. These traverses
indicate a remarkable decrease in K,0 in the alkali
feldspar compared with the plagioclase from approxi-
mately 13wt % to 0.3 wt %. However, the Na,O con-
tent increases from 2wt % in the alkali feldspars to
10.5wt % in oligoclase. There is a sodium-depleted
zone in the alkali feldspar in the vicinity of the alkali
feldspar/oligoclase phase boundaries. Na,O decreases
from about 1.5wt % to 0.5 to 1.0wt % as the bound-
ary is approached (Fig. 5). At the boundary, the Na,O
content increases dramatically. Comparing the chemi-
cal analyses of the starting material (alkali feldspar)
and of the myrmekite (oligoclase, quartz), it is evident
that ion transport is involved with the formation of
myrmekite.

Considering the volume of the quartz rods and the
volume of oligoclase in the myrmekite cells, and com-
paring these volume relationships with theoretical
predictions, a discrepancy becomes obvious. From the
chemical composition (wt %) and the density of the
minerals involved (1], the amount of the different
oxides within a definite volume (1cm?) can be cal-
culated. The basic assumption for this calculation is
the postulated immobility of aluminium during meta-
morphic reactions [16], i.e. the Al,O, content of the
alkali feldspar—-myrmekite system is assumed to be
constant. A volume of 1 cm’® of alkali feldspar contains
049g AlL,O,. However, 1cm® oligoclase contains
0.56 g Al,O;. Consequently, without additional ALO;,
1 cm’ alkali feldspar can only be replaced by 0.87 cm?
oligoclase. The replacement of alkali feldspar by

TABLE I Increasing cell dimensions and increasing rod spacing of quartz as a function of distance from the intrusion

Temperature (°C) Distance (m)

Cell dimension (um) Rod spacing of quartz (um)

~ 580 41
24

17

12

8

4

~ 660 1

48 4.5
56 4.8
52 6.2
62 7.0
62 7.4
67 6.4
65 6.9
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Figure 4 Optical micrograph of a myrmekite cell growing into alkali
feldspar II (crossed polars). The bright areas inside the myrmekite
cell (oligoclase) and the bright alkali feldspar I indicate an identical
crystallographic orientation relationship between oligoclase and
alkali feldspar L.

myrmekite needs an alkali ion exchange and a supply
of CaO (see Table I1I). The replacement of 1cm’ alkali
feldspar by 0.87cm’ oligoclase also creates 0.16g
Si0,. However, this amount of quartz only fills a
volume of 0.06cm?, i.e. 6vol% in contrast to the
14 to 24vol % quartz seen microscopically in the
myrmekite cells. The discrepancy between this obser-
vation and the calculation suggest that SiO, was also
added to the system.

4. Discussion

There are strong analogies between myrmekites from
the contact aureole of the Traversella Intrusion and
cellular (discontinuous) precipitates in metals. The
formation of myrmekite is a nucleation and growth
process which is associated with a moving, incoherent
boundary. The identical crystallographic orientation
of oligoclase in the myrmekite cell with one of the
original alkali feldspars forming the grain boundary is
an indication of cellular reaction.

The mobility of grain boundaries depends on the
relative crystallographic orientation of the neighbour-
ing grains [17]. Twin boundaries are immobile com-
pared with other high-angle grain boundaries, and a
strong driving force is necessary to displace them.
Normally, in alloys, no discontinuous precipitation

TABLE II Microprobe analysis (weight %)

cells occur at twin boundaries. The reaction free
energy (the driving force) is not sufficient. However,
an additional driving force — stored deformation
energy — acting on the twin boundary results in a
moving grain boundary, thus creating discontinuous
precipitation cells [9].

The thickness of the rods of cellular precipitation
and the rod spacing is related to the annealing tem-
perature. Thickness and rod spacing are optimized by
the system in such a way that the lateral diffusion
path in the grain boundary and the interfacial energy
between the precipitates tend to a minimum [12].
The quartz rods in the myrmekites show the same
behaviour, as previously pointed out by Voll [7].

However, there is one important point in which the
formation of myrmekite deviates from the discon-
tinuous precipitation reaction. The replacement of
alkali feldspar by myrmekite (oligoclase + quartz)
involves mass transport. During the formation of
myrmekite cells material is added and another material
is removed from the system by diffusion. K* is
removed, Ca?*, Na* and Si** are added to the system.
There are two different possible sources for these
elements. One is the intrusion itself: the liquid phase
of an intrusion penetrates the rocks of the contact
aureole. There is strong evidence for such a penetra-
tion. The transfer of material from the magma to the
country rocks has generated diopside and garnet
skarns (calc-silicate rocks in connection with ore
deposits of contact metamorphic origin) [18]. During
contact metamorphism in the contact aureole, minerals
like phengite (mica) and glaucophane (amphibole) are
replaced by other minerals [13, 19]. These reactions
result in a surplus of ions like Na™ and Ca** which can
interact with the minerals of the surrounding rocks.
Sodium for the formation of oligoclase comes par-
tially from the albite component of the alkali feld-
spars. However, the analyses indicate that this is
not sufficient, and Na®™ must have been added by
diffusion.

Assuming the creation of myrmekite cells by a solid-
state reaction associated with a moving, incoherent
grain boundary, we have to consider the driving force
for the reaction and the boundary movement. With
decreasing temperature, the supersaturated alkali

Alkali feldspar

CaO 0.01 0.01 0.03 001 — 001 ©0.19 004 004 006 014 007 00! 001 00l 0.01
Na,O 3.1 2.7 29 2.1 1.9 2.0 3.8 1.8 22 1.6 2.6 1.6 2.9 1.9 1.7 1.4
K,0 12.3 12.6 123 133 134 132 107 135 132 136 126 138 124 135 136 139
ALO; 189 18.5 18.9 186 188 189 190 189 190 189 189 189 189 186 185 187
Sio, 64.5 63.8 64.1 633 642 641 638 639 640 639 639 637 642 630 635 633
Total 98.8 97.6 98.3 973 983 982 97.5 981 984 981 981 981 984 970 973 973
Oligoclase from myrmekite cells

CaO 2.4 22 23 2.2 2.3 23 2.1

Na,O 10.4 10.4 10.4 10.3 104 103 104

K,0 0.3 03 0.4 0.3 0.3 0.3 0.3

AL O; 21.7 21.3 21.6 21,1 214 215 213

Si0o, 65.7 66.6 65.3 66.5 653 654 658

Other 11.9 10.9 114 109 114 114 105

Total* 100.5 1008 100.0 1004 99.7 998 99.9

*Includes the un-named components.
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feldspar reduces its free energy by precipitating its
albite component. As pointed out above, there are
three different ways of achieving this more favourable
state:

(i) Precipitation of oriented lamellae of albite

(i) Formation of rims of albite at the grain
boundaries

(iii) Formation of myrmekite.

The formation of myrmekite cells only occurs if
Ca’" ions are available in the grain boundary. The
Na,O-depleted zone in the alkali feldspar just in front
of the grain boundary, and the very steep increase of
the Na,O content just behind the boundary indicates
diffusion of sodium into the grain boundary. Similar
behaviour was observed in Cu-5wt % Ag alloys [9].
The early stage of discontinuous precipitation in these
alloys is characterized by grain-boundary precipitates
in a stationary grain boundary, resulting in a silver-
depleted zone in the vicinity of the grain boundary.
The silver-depleted zone is indicated by the lack of
silver-rich precipitates in the vicinity of the grain
boundary. The boundary itself is decorated with
larger grain-boundary silver-rich precipitates.

Very often, these grain-boundary precipitates mark
the original grain boundary in precipitation cells.
In myrmekite cells, quartz blebs mark the original
boundary.

Oligoclase nucleates at suitable nucleation sites in
the alkali feldspar grain boundary, depending on the
crystallographic orientation of the neighbouring
grains and the inclination of the boundary plane. Thin
sections reveal that the crystallographic orientation of
the oligoclase is the same as one of the alkali feldspars.
The result is that this interface has a lower boundary
energy than the crystallographically misoriented inter-
face oligoclase-alkali feldspar I (Fig. 6). The dif-

ference in the interfacial energies results in a driving
force on the grain boundary, thus initiating a move-
ment of the grain boundary. The moving grain bound-
ary envelopes the grain-boundary precipitates (oligo-
clase), replacing the interface with the higher energy
by one with a lower energy. This mechanism is very
similar to the Tu and Turnbull mechanism which
describes the early stage of discontinuous precipita-
tion in Pb—Sn alloys [20]. The grain boundary with the
boundary precipitates starts moving despite a narrow,
depleted zone in the vicinity of the grain boundary
(reduced driving force). Once moving, the grain
boundary leaves the depleted area and approaches the
supersaturated crystal. Then an additional driving
force, the reaction free energy, acts on the grain
boundary. Behind the moving grain boundary, a
cellular arrangement of oligoclase and quartz is
established.

Concurrently with the formation of the myrmekite
cells, albite precipitates as thin, oriented lamellae in
the alkali feldspar. Due to the precipitation of albite
inside the alkali feldspar, the driving force for the
boundary movement involved with the formation of
myrmekite decreases, and the cellular reaction ceases.
This is consistent with the observation that, in the
samples reported here, alkali feldspar is never totally
replaced by myrmekite cells. Myrmekites only occur
at the margins of alkali feldspars. In the formation of
myrmekite an “open’ system is involved, as pointed
out above. Spencer [21] rejects an “open” system,
since he finds it hard to understand why myrmekite
cells form at the grain boundary. Myrmekite should
be created continuously at all grain boundaries where
a fluid phase with Na™ and Ca’" ions is present.
However, considering the formation of myrmekite
cells as analogous to discontinuous precipitation in

TABLE III Comparison of the chemical composition of alkali feldspar and oligoclase of the myrmekite cell

Alkali feldspar (o = 2.56gcm™) Oligoclase (¢ = 2.63gcm™?) Oligoclase
wt % gin lem® wt % gin 1cm’ wt % g in 0.87cm’

Si0, 65.1 1.67 65.8 1.73 65.8 1.51
Al O, 19.2 0.49 21.4 0.56 21.4 0.49
K,0 13.3 0.34 0.3 0.01 0.3 0.01
Na, O 2.35 0.06 10.4 0.27 10.4 0.24
Ca0 0.04 1.02 x 1073 2.2 0.06 22 0.05
Total 99.99 2.56 100.1 2.63 100.1 2.30
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alloys, the existence of dispersed nucleation sites at the

grain boundary is reduced to a nucleation problem.
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