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ABSTRACT : Intergrowth texture of biotite and chlorite crystals within an amphibolitic
schist of the northwestern Okchon metamorphic belt was investigated using back-scattered
electron (BSE) imaging and high-resolution transmission electron microscopy (HRTEM).
BSE images show that thin chlorite and biotite packets are mixed along (001) plane to
result in intergrowth texture. In addition, rutile particles of submicron size occur
exclusively at the boundaries between biotite and chlorite stacks. HRTEM investigation
revealed that numerous low-angle grain boundaries are contained within chlorite crystals,
and remnant biotite layers are closely associated with such boundaries, suggesting a
possibility that chlorite layers were formed from biotite during retrograde metamorphic
reaction. Such interpretation of the origin of intergrowth texture can be further supported
by the occurrence rutile particles between the chlorite and biotite stacks: TiO: content of
biotite is approximately 2 wt%. and that of chlorite usually lower than 0.2 wt%. Ti was
apparently leached out during the alteration of biotite to precipitate rutile particles at the
grain boundary area between biotite and chlorite stacks. Our observation suggests that
such rutile particles could be an important indicator showing that the intergrowth texture
of chlorite and biotite is originated by a retrograde metamorphism rather than by
incomplete chlorite-to-biotite reaction during prograde metamorphism. Biotite crystals
contain intercalated chlorite layers will result in somewhat high Mg and Al. and the use of

such inhomogeneous biotite will result in imprecise geothermobarometric calculations.
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INTRODUCTION wide range of geologic conditions. They are
' found in low- to medium-grade metamorphic
Metamorphic rocks commonly experience rocks. Furthermore, chlorite could be formed
polymetamorphic  events, and peak-metamorphic as a secondary mineral that replaces primary

minerals could be altered to hydrous silicates
to a variable extent. If early or prograde
metamorphic minerals are preserved, they could

provide us with critical evidences for

deciphering the tectonic history of a given
metamorphic region. Relict minerals indicative
of an early metamorphic event may occur on a

submicroscopic scale, and could be overlocked

by routine examination using petrographic
microscope.
The high-resolution transmission electron

microscopy (HRTEM) is commonly used to

reveal structural details below the unit-cell

level of most minerals, and it has been widely

used in mineralogical and crystallographic
studies (cf. Allen, 1992; Veblen, 1992).
However, recent studies using HRTEM have

demonstrated the utility of such method as a
powerful “high-resolution” petrographic micro-
scope, and petrography can be done rigorously
on a sub-micron scale (e.g., Lee et al., 1984;
Banfield et al., 1989; Peacor, 1992). Sheet
silicates are especially suitable for HRTEM
investigation, because they are subject to
various structural change and because layer

structures of sheet silicates could be easily

interpreted based on (001) lattice- fringe
images.
Chlorite and biotite are common and

important sheet silicates occurring under a

ferromagnesisan silicates such as biotite. It is
well known that chlorite structure consists of a
talc-like layer and a brucite-like interlayer. As
a result of the similarity between chlorite and
biotite structures and their close association in

there has been considerable
the
occurring during metamorphism and alteration.

altered rocks,
interest  in chlorite-to-biotite  reaction
Direct solid-state transformation of biotite to
chlorite has been suggested as the mechanism
prevailing in various environments (Gilkes and
Suddhiprakarn, 1979a, 1979b; Veblen and
Ferry, 1983; Olives-Banos 1983;
Olives-Banos and Amouric, 1984; Eggleton and
Banfield, 1985; Kogure and Murakami, 1998).

Crystals composed of intergrown biotite

et al.,

and chlorite packets are commonly observed in
metamorphic rocks. Biotite occurs in general at
The
texture could be originated by

higher grade rocks than chlorite does.
intergrown
incomplete chlorite-to-biotite reaction during
prograde metamorphism, or such texture could
result from biotite-to-chlorite reaction during
the episode of retrograde metamorphism. Both
chlorite and biotite contain similar planar
structural characteristics, and thus they tend to
form intergrown stacks along the (001) plane.
Therefore, the origin of such intergrown
texture is very difficult to distinguish without

detailed microstructural data.
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In the present study, crystals constituted with
intergrown chlorite and biotite from an
amphibolitic ~ schist were examined with
back-scattered electron (BSE) imaging and
HRTEM. Detailed investigation of such crystals
may provide some clues for unravelling
metamorphic  history. The purposes of this
study are to present microstructures of chlorite
and biotite and to reveal the origin of
chlorite-biotite intergrowth. We also report the
structural defects in chlorite and biotite,
structural variations, and other features on a
few angstrom scale that are important for
interpreting the P-T path of the Ogcheon
metamorphic belt. This study complements our
previous investigations on the structural defect
in hornblende (Ahn and Cho, 1996, 1998).

EXPERIMENTAL METHODS

The amphibolitic schists investigated in this
study are collected from the Chungju area,
northwestern part of the Okchon metamorphic
belt (Fig. 1). The specimen is identical with
M416 of Min (1996), who reported a K-Ar
hornblende age of 675+30 Ma. Ahn and Cho
(1996, 1998) investigated the homblende of the
schists using HRTEM and found that
homblende crystals that appear unaltered and
optically =~ homogeneous  contain  various
structural defects. Geological and petrological
outlines of the Chungju area are available in
Min and Cho (1998).

Polished thin sections oriented approximately
perpendicular to the foliation and lineation, if
any, in order to enhance the probability to find
chlorite and biotite crystals cut approximately
perpendicular to (001). Chemical analysis and
BSE imaging were performed using a
CAMECA SX-51 electron probe microanalyzer.
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Fig. 1. Geological map showing the swdy
arca and the sample locations (adopted from
Min and Cho, 1998).

Selected areas for the TEM observation were
covered by 3-mm copper grids using epoxy
glue, and detached from the specimen for
ion-milling.  Ion-milled  specimens  were
investigated using a JEOL JEM-4000EX
transmission  electron microscope with a
top-entry stage having tilting angles of *15°,
spherical aberration coefficient (C;) of 1.0 mm,
and structure resolution of 1.7 A (Smith et al.,
1986). A 40-pm objective aperture and a 150-um
condenser aperture were used for the HRTEM
imaging. Imaging of the specimens was
performed with (001) of chiorite and biotite
parallel to the electron beam. (001) Ilattice-
fringe images were obtained from sheet
silicates, and both sheet silicates were
characterized by their  (001)
spacings.

interplanar

RESULTS

BSE Image Observation

BSE imaging is very useful in characterizing
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mineral zoning and intergrowth occurring below
the resolution of petrographic microscope,
because the mineral of high average atomic
number produce more back-scattered electrons
than the material of lower average atomic
number to result in different contrast difference.
BSE images of sheet silicates ~ show two
distinct contrast; the areas with darker contrast
corresponds to chlorite, and the areas with

brighter contrast is biotite (Fig. 2). BSE images

of biotite and chlorite show that crystals they
are intimately intergrown each other. The
amount of intergrown sheet silicates varies
from crystal to crystal. The intergrown
materials are parallel to (001) of the host
crystals, and their thickness is mostly of
submicron scale.

Small particles showing very bright contrast
are commonly observed with intergrown sheet
silicates (Fig. 2). The thickness of such

Fig. 2. BSE images showing the intergrowth texture of biotite and chlorite. The areas with darker

contrast corresponds to chlorite, and the areas with brighter contrast is biotite. Submicron-size rutile

particles showing very bright contrast are commonly observed at the boundaries between biotite and

chlorite stacks.
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particles is less than 1 pm that is much
smaller than the electron beam size.
Energy-dispersive spectroscopic (EDS) analyses
of the area containing the particles result in
excessive Ti content without the change of
peaks from other elements, indicating the
particles are titanium oxide. The occurrence of
the TiO; particles within the metamorphic rock
at a relatively high temperature excludes the

possibility of them being other polymorphic

minerals, such as anatase and brookite, and the
particles are apparently rutile (Gribb and
Banfield, 1984). Most rutile particles charac-
teristically occur at the interface between
biotite and chlorite packets. EPMA analyses
show that TiO; content of biotite and chlorite
is approximately 2 and 0.2 wt%, respectively
(Table 1). Some chlorites showing significant
amount of K exhibit relatively high amount of
Ti, indicating the possible intergrowth of biotite

Table 1. Representative electron microprobe analyses of biotite and chiorite.

Oxides biotite(1) biotite(2) chiorite(1) chlorite(2)
Si0; 36.65 36.91 26.94 27.36
ALO; 16.36 15.58 20.59 20.71
MgO 12.25 14.28 22.50 21.43
FeO 16.16 15.96 16.25 16.98
MnO 0.28 0.22 0.37 0.22
TiO» 1.88 1.94 0.12 0.26
K,0 8.53 8.42 0.13 0.77
Na,O 0.16 0.21 0.00 0.00
Ca0 0.01 0.04 0.00 0.02
Total 94.28 wi% 94.88 wt% 86.91 wt% 87.74 wit%

Ions per formula unit

biotite(1) biotite(2) chlorite(1) chlorite(2)
Si 2.77 2.81 2.73 2.76
Al(IV) 1.23 1.19 1.27 1.24
Tet. 4.00 4.00 4.00 4.00
Al(VD 0.23 021 1.19 1.26
Mg 1.60 1.62 3.40 323
Fe 1.02 1.01 1.38 1.43
Mn 0.02 0.01 0.03 0.02
Ti 0.11 0.11 0.01 0.02
Y Oct, 2.98 2.96 6.01 5.96
K 0.82 0.82 0.01 0.10
Na 0.02 0.03 0.00 0.00
Ca 0.00 0.00 0.00 0.00
SInt, 0.84 0.85

* Total Fe reported as FeO.
**  Biotite and chlorite formulae normalized to O1o(OH); and O;o(OH)s, respectively.
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Fig. 3. HRTEM image showing the
intergrown biotite (bt) and chlorite (chl) that
are parallel along (001). An extra brucite-like
layer (B), which is approximately 5 A thick,
occurs at the biotite-chlorite interface.

Fig. 4. HRTEM image showing extra
brucite-like layers (B) that are intergrown
within biotite crystals. Insertion of brucite-like
layer at the interlayer of biotite results in a
chlorite structure.

Fig. 5. HRTEM image showing numerous planar defects that commonly divide the chlorite grain
into layers of packets. The (001) planes on either side are not parallel but inclined by few degrees

to each other, and isolated single or several layers are intercalated within the chlorite crystal.

layers below electron microprobe resolution.
HRTEM Observation

HRTEM observations show that the (001)
planes of intergrown biotite and chlorite are
parallel (Fig. 3). Their boundaries are parallel
along (001) of both minerals, and two sheet

silicates are distinguishable by the difference
in interplanar spacings. Fig. 3 shows an extra
brucite-like layer, which is approximately 5 A
thick, at the biotite-chlorite interface, indicating
the possibility of biotite-to-chlorite reaction.
Extra brucite-like layers are frequently observed
within biotite crystals (Fig. 4). Insertion of
brucite-like layer at the interlayer of biotite
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Fig. 6. HRTEM the
association of unreacted Dbiotite

Isolated Dbiotite

image showing

layers with
low-angle grain boundaries.
layers terminate at the low-angle grain boundaries

area.

Fig. 7. HRTEM image showing low-angle
grain boundaries that are contained within a
single crystal. The presence of boundaries

causes slight misorientation of chlorite layers.

- 72

Fig. 8. HRTEM image showing periodic
rows of triangular regions surrounded by two
(001) chlorite planes. Chlorite layers become
subparallel at the area where the low-angle

grain boundaries terminate.

results in a chlorite structure (Veblen and
Ferry, 1983).
Various low-angle grain boundaries are

observed within chlorite crystals. Fig. 5 shows
a (001) lattice-fringe image of chlorite. Planar
defects commonly divide the chlorite grain into
packets of layers several hundreds angstrom
thick. The (001) planes on either side of
packets are not parallel but inclined by several
degrees to each other, and such planar defects
constitute low-angle grain boundaries. They are
initiated or terminated in a crystal, suggesting
they are not formed by coalescence of two
separate  crystals  growing  independently
(Kogure and Murakami, 1998). The boundaries
consist of the (001)

one side and terminating chlorite

interface of a chlorite
layer at
layers at the other, so that the grain boundary
involves a series of misorientation of few
degrees. Furthermore, isolated single or several
biotite the
chlorite crystal (Fig. 5). Three and five biotite

layers are intercalated within

layers transit to chlorite layers at the bottom
of the area of Fig. 5, indicating a possibility
that the intercalated biotite the

layers are
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remnant biotite layers survived retrogressive
reaction. The association of remnant biotite
layers with low-angle grain boundaries within
chlorite crystals supports a possibility that
low-angle grain boundaries within chlorite
crystals may have caused by the biotite-
to~-chlorite alteration.

The association of unreacted biotite layers
with grain boundaries can be found in Fig. 6;
isolated biotite layers remain in the chlorite
crystal, and biotite layers terminate at the
low-angle grain boundaries area. Chlorite layers
on both sides of the boundaries are slightly
misoriented by less than 1°. Low-angle grain
boundaries are contained within a single crystal
(Fig. 7), and the presence of boundaries causes
slight misorientation of chlorite layers. The
chlorite layers away from the boundary are
perfectly parallel, indicating that the low-angle
grain boundaries are not formed as a result of
incorporation of separate crystals during crystal
growth.

Fig. 8 shows periodic rows of triangular
regions surrounded by two (001) chlorite
planes and the edge terminating layer along
the boundaries are formed along low-angle
grain  boundaries. Chlorite layers become
subparallel at the area where the low-angle
grain boundaries terminate. However, the
chlorite layers on both sides of the boundaries
differ in their orientations by few degrees.

DISCUSSION

Origin of the Intergrowth of Chlorite and
Biotite

The rutile particles does not occur within
biotite crystals that show higher TiO: content
compared to chlorite (Table 1), suggesting that

higher TiO, in biotite is not caused by
inclusion of rutile particles within biotite. The
rutile particles are exclusively found at the
grain boundaries between biotite and chlorite
(Fig. 2). Such occurrence of rutile particles
indicates that they apparently formed during
the biotite- to-chlorite alteration. Furthermore,
higher amount of TiO: in biotite (Abrecht and
Hewitt, 1988) than in chlorite also suggests
that Ti was leached out during the formation
chlorite from biotite; TiO» content of biotite is
approximately 2 wt%, and that of chlorite
usually lower than 0.2 wt%. Such analytical
data indicate that Ti was leached out from
biotite during decomposition and was not
incorporated within chlorite structure. Released
Ti was mostly oxidized to form rutile at the
grain boundary area between biotite and chlorite.

The occurrence of rutile particles is direct
evidence that the intergrown texture of biotite
and chlorite is produced by retrogressive
reaction of biotite. HRTEM images also show
intergrown brucite-like layers within biotite
structure (Figs. 3 and 4), and futhermore
numerous low-angle grain boundaries associated
with remnant biotite layers within chlorite
crystals suggest the occurrence of biotite-
to-chlorite reaction (Figs. 5 and 6). Numerous
remnant biotite layers and grain boundaries
within chlorite indicate that chlorite formed
from biotite during retrograde metamorphism is
not fully reequilibrated. It is well known that
vermiculite or kaolinite commonly replace
biotite layers during weathering (Eggleton and
Banfield, 1985; Ahn and Peacor, 1987;
Banfield and Eggleton, 1988), and the
possibility of formation of chlorite by
weathering process could be excluded.

The retrograde reaction of biotite to

chlorite occurring in the study area is
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compatible with the P-T history of north-
western  Ogcheon metamorphic  belt.  Min
(1996) and Min and Cho (1998) reported that
the Munjuri Formation near Chungju has
experienced a peak metamorphism at 5-8 kbar
and 520-590°C and subsequently a retrograde
metamorphism at 1-3 kbar and 350-500°C.
Hornblende-plagioclase pairs of sample M853
near the investigated specimen produced a
temperature estimate of 590+5°C (Min and
Cho, 1998), attesting to the equilibration of the
rock during the peak metamorphism. However,
subsequent retrograde metamorphism has promoted
the biotite-to-chlorite reaction to result in
chlorite and biotite intergrowth revealed in this
study. The incomplete retrograde reaction of
biotite to chlorite and production of
intergrowth texture can be attributed to the
sluggish mineral reaction at a relatively low

temperature.

Implications for the Application to Biotite-
bearing Geothermobarometry

Phase equilibria involving biotite have been
widely used for the geothermobarometry in a
variety of plutonic and metamorphic rocks
(e.g., Ganguly and Saxena, 1984; Graham and
Powell, 1984; Indares and Martignole, 1985;
Berman, 1990; Hoisch, 1991). The partitioning
of Fe and Mg between coexisting biotite and
garnet has been extensively used as a
geothermometer (e.g., Ferry and Spear, 1978;
Ganguly and Saxena, 1984; Indares and
Martignole, 1985; Berman, 1990). Geother-
mobarometric calculations commonly assume that
structures and chemistries of biotite are not
affected by post-peak metamorphism. However,
intergrowth of chlorite could occur in such a

fine scale that electron microprobe analyses

may mnot represent the true compositions of
biotite. The analytical data of biotite and
chlorite from the sample show significantly
different Mg:Fe ratio; chlorite is highly
enriched with Mg compared to biotite. Hence,
the biotite containing intercalated chiorite
layers would result in high Mg:Fe ratio, and
the use of such biotite for geothermobarometry
should result in incorrect estimations of
temperature and pressure.

Micro-scale intergrowth of aluminous sheet
silicates such as chlorite will result in excess
Al in the analysis of biotite. In addition,
differential partitioning of Mg and Fe between
biotite and the intergrown chlorite may
contribute to the uncertainty in Fe/Mg ratios of
biotite, and consequently in P-T estimates. For
example, the substitution of Al for Si in
tetrahedral sites of biotite varies as a function
of pressure and temperature (Indares and
Martignole, 1985). Thus, calculations of
temperature and pressure could be flawed by
the overestimation of Mg and Al in biotite

containing chlorite layers.

CONCLUSIONS

Thin chlorite and biotite packets are mixed
along (001) plane to result in intergrowth of
both sheet silicates. BSE images show that
tiny rutile particles occur exclusively at the
boundaries between biotite and chlorite stacks.
HRTEM images show that numerous low-angle
grain boundaries are contained within chlorite
crystals, and remnant biotite layers are closely
associated with such boundaries, suggesting
that chlorite layers were formed from Dbiotite
during retrograde metamorphic reaction. The
occurrence of rutile particles between the

chlorite and biotite stacks supports the origin
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of retrograde metamorphic reaction; TiO;
content of biotite is approximately 2 wt%, and
that of chlorite is usually lower than 0.2 wt%,
and higher TiO; in biotite than in chlorite also
suggests that most was Ti leached out from
biotite was not incorporated within chlorite
structure and oxidized to” form rutile at the
grain boundary area between biotite and
chlorite. Our observations suggest that rutile
particles occurring between the biotite and
chiorite stacks could be important indicator
that intergrowth texture of chlorite and biotite
is of retrograde metamorphic origin rather that
incomplete  reaction of  chlorite-to-biotite
reaction during prograde metamorphic reaction.
The formation of chlorite from biotite by
retrograde reaction is consistent with the P-T
history of northwestern Okchon metamorphic
belt (Min, 1996; Min and Cho, 1998). In
addition, biotite crystals containing intercalated
chlorite layers will result in somewhat higher
Mg and Al contents in the biotite analysis,
producing imprecise result in geothermobaro-

metric calculations.
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