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ApstracT: The direction, the length of the longest dimension of elongated calcite grains, and
the normal to it have been measured on each sector in nine columns on ac-profile in a folded
calcareous schist layer interbedded in spotted pelitic schist. The results are shown in diagrams
(Figs. 2 to 10). From the diagrams, mean directions of the longest dimension and the normal to
it have been determined. The pattern of distribution of the directions of the longest dimen-
sion and its normal is quite similar to the stress pattern of a buckling beam.
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I. InTrRODUCTION

Knowledge concerning stress and strain distribution in the geologic body dur-
ing folding is interesting for structural geologists and petrologists, and have been
studied by many authors in various ways for approach. One of the methods for
understanding strain distribution may be an experiment with models. Model
experiments with soft and plastic materials such as clay, putty, butter, soft rub-
ber etc., are relatively easy to show state of strain ellipsoids in any position of
the materials under experiments, because initial state of the bodies is known and
various marks can be casily drawn on the faces of the materials before deforma-
tion, and because change in shape of marks on them can be observed during
deformation. Those experiments may bring us some useful knowledge similar
to deformation in geologic body. However, the methods conceive difficulty of
correlation between natural deformation and model experiments. Another ap-
proach is the study of naturally deformed folds, such as folded conglomerate
with deformed boulders and folded limestones with oolites (E. Croos; 1947).
Although the original form is not certain in this case, reasonable assumption
based on geological evidences may cnable to construct the strain ellipsoids in
folds. Dimensional orientation of constituent minerals in folded schists and
gneiss is often controled by the fold forms. For example, long axes of prismatic
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minerals such as amphibole, and epidote are parallel to the fold axis and the
longest directions of clongated quartz grains are parallel to axial surface near
the hinge of the fold as shown by Hirr (1953), and Rampere (1963). Experi-
mental study by TURNER, et al. (1956) shows that the longest axes of deformed
grains of calcite coincide with the maximum extension axis of experimental
cylinder and the shortest axes of the grains are parallel to the maximum com-
pression axis. Therefore, on the basis of the experiment of calcite, analysis of
dimensional orientation of calcite in a folded limestone may be useful knowledge
for strain distribution in the folds. In this paper, data of dimensional orientation
of calcite crystals in a flexure fold of calcareous schist will be described.
Acknowledgement: The author wishes to record his scincer glatitude to professor
G. Kojma for advices during the work and reading the manuscript. Thanks
are duc to Dr. I. Hara for discussions and suggestions. This work was sup-
ported by the Grant in Aid for Scientific Rescarches from the Ministry of Educa-
tion of Japan.

II. DESCRIPTION OF THE LOCALITY AND TIIE SPECIMEN

The specimen has a folded layer of calcarcous schist interbedded in pelitic
schist layers as shown in Fig. 1 of Platc 17 and was collected from 300m northywest

Fig. 1. Sketch showing columns (A to I) and scctors (1 to 6) in the folded calcarcous
schist layer, being interbedded in pelitic schist layers and cut by quartz-calcite
veins.
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of Fujiwara of the Sazare mining district, Central Shikoku. As the metamor-
phism and the structures of crystalline schists in the district have been reported
in the other paper (Ovacr; 1964), only the outline of geology around the locality
will be described in the following.

The district is occupied by the Sambagawa crystalline schists. Near the lo-
cality, component rocks are chiefly spotted pelitic schists intercalated with thin
basic, psammitic, and calcareous schists. The metamorphic grade of these crys-
talline schists belong to the epidote amphibolite facies. The locality of the speci-
men is situated at the axial zone of the Tuneyama syncline where small scale
folds with nearly vertical axial surfaces arc observed well on the outcrop of
roadside and the riverside of the Dozan River ncar the locality. These small
scale folds show style of concentric folds (TurNER and WEerss; 1963) in layers of
psammitic and calcareous schists, being accompanied with fracture or strain-slip
cleavage in less competent layers of pelitic schist. :

In the present specimen, a calcarcous schist layer shows a style of a concentric
fold. Cleavages are developed in pelitic schist layers which have been deformed
passively around the calcareous layer. The fold can be identified with the type
III folds after the present author which represent the combination of concentric
folds in competent layers and development of fracture or strain-slep cleavage in
less competent layers (Ovacr; 1964). In the neighborhood of the specimen,
layers of calcarcous or psammitic schists can not be observed within the distance
of one wave length from the folded calcareous layer concerned, except on the
upper left side, where a small scale isoclinal fold is observed as shown in Fig. 1
of Plate 17. In this respect, the influence of surrounding competent layers as
suggested by Currie, PATnvoDE and Trump (1962) may be insignificant for the
present specimen. The folded calcareous layer lacks cleavage-surfaces and the
style of the fold is not similar to that of a flow fold. Therefore, the fold can be
regarded as one of flexure folds (FAIRBAIRN; 1949) or one of Ramberg’s buckling
folds (RAaMBERG; 1963). The fold axis plunges 5° toward N80°W and the axial
surface of the fold is nearly vertical. The lineation (L,-3) which is the intersec-
tion of the schistosity-surface and the cleavage-surface is parallel to the fold axis.
The fracture or strain-slip cleavage developed in pelitic schists is practically
parallel to the axial surface of the fold. In Fig. 1, the left and the right limb
make an angle of 78° in the upper part and 90° in the lower part of the layer.
The thickness of the folded layer is 5.9cm on the left limb, 5.5cm at the crest
and 4cm on the right limb of the fold (Fig. 1). In this specimen, no increase of
thickness towards the crest in the calcareous layer can be recognized.

Both limbs are cut perpendicularly by quartz-calcite veins with width of ap-
proximately 1cm as shown in Fig. 1. However, the pelitic schist layers inter-
calating the folded calcarcous schist layer are not cut by these veins as read from
Fig.1 of Plate 17. Careful observation can make clear that the folded calcareous
layer is thinner ncar the veins than at other positions of the layer. Irom these
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observations, the structure can be identified with one of boudinage structures.
The vein in the right limb is parallel to the fold axis and that in the left limb
is nearly parallel to slightly oblique to it. This suggests that the structure
formed during folding of this fold. It can be considered that the structure is
another evidence that the folded calcareous schist layer is more competent than
the pelitic schist layers during the formation of the flexure fold concerned and
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the “boudinage” like structure.

The folded calcareous layer is almost composed of calcite with very small
amounts of quartz, albite, muscovite, chlorite, epidote, titanite, and rutile. Cal-
cite shows ellipsoidal shape with more or less mosaic texture. Grain size of cal-
cite is large (0.3~0.8mm) in most positions but is small (0.1~0.2mm) at the
lower part of the calcareous schist layer near the hinge of the fold (Fig. 2 of
Plate 19) and narrow parts which contact with pelitic schist layer (Figs. 1, 2, and
3 of Plate 19). In the veins, calcite shows very large grain size (0.6~2mm).
Undulatory extinction of calcite is strong near the crest of the fold in the lower
part of the layer as shown in Fig. 2 of Plate 17, but weak near the upper part of
the layer as shown in Fig. 4 of Plate 17. Grain boundary granulation is recog-
nized at the former but less observed at the latter part of the fold. Twins are
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observed in almost all grains in the folded layer, and are strongly developed

near the crest of the fold in the lower part. These characteristics of calcite
grains are shown in figures of Plate 17.
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Fig. 2~10. Diagrams showing the dircctions of the longest dimensions and the s/l-ratio
in elongated calcite grains.

Abscissa shows angles between the normal to the form surface of the fold and
the directions of the longest dimensions in calcite grains. The angles measured
clockwise are represented as plus. Ordinate shows s/l-ratio: s represents the
length normal to the longest dimension and ! shows the length of the longest
dimension.
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III. DmvensioNAL ORrRIENTATION IN CArciTE CRYSTALS

Nine columns have been set up on the ac-profile of the folded layer and four
to six sectors in each column. The columns are called from the left to the right
A to I and the sectors are called from the lower to the upper 1 to 6 as shown in
Fig. 1. In each sector, the direction, the length of the longest dimension and
the length normal to it have been measured respectively in fifty grains of cal-
cite. Results of these measurements have been plotted on diagrams as treated
by Hara (1963). However, in this paper, the abscissa represents the angle from
the normal to the form surface of the fold which is almost parallel to the schist-
osity-surfaces to the direction of the longest dimension in calcite grains. They
are expressed as plus when the angle is measured clockwise from the normal to
the form surface to the direction. In Figs. 2 to 10, the ordinate represents the
s/l-ratio. In this case, s represents the length normal to the longest dimension
and [ means the length of the longest dimension.

In the sectors 1 to 6 of the column A, central parts are vacant and many points
are clustered near the margins of the diagrams, especially near the right mar-
gins. The s/l-ratio ranges between 0.3 and 0.8. This ratio in the sectors of the
column varies in small range. Diagrams of most sectors in the columns B and C
are characterized by the tendency of concentration of points at the margins of
the diagrams as shown in Figs. 3 and 4. Dimensional orientation in ac-profile is
rela tively homogeneous with respect to the tendency of concentration. The direc-
tion .of the longest dimension of calcite grains is generally parallel to the schist-
osity-surface (Sy) in the columns A, B, and C. In the sector 1 of the column D (Fig.
5), the central part is occupied by many points and the margins of the diagram are
vacant. In the sectors 2 and 3 of the column D, the points concentrate to the
right half in each diagram and, in the sectors 4 to 6, they occupies the margins
of the diagrams. This means that the direction of the longest dimension of cal-
cite grains is ncarly normal to the schistosity-surface at the lower part of the
layer and that it rotates gradually clockwise as one goes upwards from the sector
1 to the scctor 6 in the column D. In the column E (Fig. 6), the tendency of the dia-
gram is similar to that of the column D. In the column F(Fig. 7), points concentrate
near the center of the diagrams in the sector 1 and gradually disperse towards both
mar gins from the sector 2 to the sector 3. In the sectors 4 to 6 of the same column,
points concentrate at both margins of the diagrams. As shown in s/l-ratio which
is 0.5 to 0.9, in the scctor 3 and 4, calcite grains arc less clogated than in other
sectors. In this column F, the direction of the longest dimension of many calcite
grains are normal to the form surface (schistosity-surface) but gradually disperse
with change in shape to less clongated form as one goes upwards from the sector
1 to the sector 3. However, from the sectors 4 to 6, the grain dimension becomes
cllipsoidal in form again and the directions of the longest dimension are parallel to
the form surface. In the sectors 2 and 3 of the column G(Fig. 8), concentrated posi-
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tions of points occupy the center of the diagrams, and gradually shifts to the left
side of the diagrams in the sectors 4 and 5 of the column. These patterns of the
diagrams in the column G are opposite to those in the column E. In the column
H (Fig. 9), patterns of the diagrams are similar to those in the column G. Fur-
ther, the column H is the mirror of the column D. The longest directions of cal-
cite grains are nearly vertical to the form surface and gradually rotated counter
clockwise to the orientation nearly parallel to the form surface. However, in the
column I (Fig. 10) ,the directions of the longest dimension are oblique to the
form surface, making angles of 20°~40° with it.

From these diagrams, Fig. 11 shows the direction of the longest dimension and

Fig, 11. Mean directions of the longest dimensions (broken lines) and the
normal to them (solid lines) in calcite grains in scctors.

the normal to it. In Fig. 11, thin dashed lines show the orientation which are
determined by maximum concentration of the direction of the longest dimesion
of calcite grains in each sector, and thick solid lines represent the normal to that
orientation. ‘

In the columns A, B, and C, thin dashed lines are ncarly parellel to or slighlty
oblique to the form surface. Thick solid lines are vertical or oblique to the form
surface with high angles. In the columns D and E, thin dashed lines are nearly
parallel to the form surface in the sectors 3 to 6 with some fluctuations and rotate
counterclocwise until they are nearly vertical to the form surface in the sectors
l1and 2. In the column F, change in roientation of lines occurs more suddenly.



Dimensional Orientation of Calcite Grains in a Flexure Fold 211

Thin broken lines are nearly parallel to the form surface in the columns 4 to 6
and nearly normal to it in the columns 1 to 3. Orientation of thin broken lines
in the column H can be regarded as a mirror projection of that in the column D
with respect to the axial surface of the fold. The orientation of the lines in the
column I differs slightly from a mirror projection with respect to the axial sur-
face of the fold and the lines are oblique to the form surface in all sectors.
Generalized orientations of the directions of the longest dimension and the
normal to it are shown by thin dashed lines and thick solid lines in Fig. 12, re-

Fig' 12. Schematic sketch for the mean directions of the longest dimensions
(broken lines) and normal to them (solid lines).

spectively. The pattern of the figure is slightly different between the left and
right limbs. However, the pattern can be regarded practically as a ‘symmetric
pattern with respect to the axial surface and a similar one to stress distribution
figures in buckling beams. In Fig. 13, the hatched part in the folded layers
shows the area in which the angle between the direction of the longest dimen-
sions and the form surface ranges from 45° to 90°, and the blank part represents
the area in which the angle ranges from 0° to 45°. Thercfore, the directions of
the longest dimension in clongated calcite grains is nearly vertical to the form
surface of the fold in the hatched part but nearly parallel to it in the other part.

In the experimental deformation of Yule marble by TurNER, et al. (1956), the
longest axes of deformed grains of calcite coincide with the maximum cxtension
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Fig. 13, Sketch showing the part (lined) that the angle between the mean

directions of the longest dimensions and the form surface of the
fold are 45°~90°,

axcs and the shortest axes of the grains are parellel to the maximum compression
axis. Assuming that disturbance of dimensional orientation of calcite duc to
various behaviors such as grain rotation, fracturing, recrystallization etc. during
deformation is negligibly small in the present specimen of the fold, it may be
concluded that the hatched part in Fig. 13 is compressed roughly parallel to the

form surface and the blank part is extended necarly parallel to it during the
folding.
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ExrPLANATION OF PLATE XVIIL, -

Fig. 1. Folded calcareous schist layer.
White bands show calcareous layers and grey or black-bands are pelitic schist
layers. .
Fig. 2. Calcite crystals in the sector 1 of the column F.
Calcite grains are elongated nearly vertical and show extreme undulatory extinc-
tion. x10.
Fig. 3. Calcite crystals in the sector 3 of the column F.
x10.
Fig. 4. Calcite crystals in the sector 6 of the column F.
Calcite grains are elongated nearly parallel to the form surface (horizontal). x10.
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ExpranaTion oF PrAaTes XVIII anp XIX.

Variation in dimensions of calcite crystals from the lower part to the upper part of the
folded calcareous layer. Figures are continuous from Plate XIX to X VIIL
Fig. 1 shows the column B, Fig.2 the column F, and Fig. 3 the column H.
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