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Abstract: Granitic samples from Zhejiang Province, Southeast of China, were tested in a uniaxial condition to failure at constant

confining pressure. It is found from careful Scanning Electron Microscope (SEM) observations that fractures form the intersection or

coalescence of microcavities. Granite consists of three major minerals, Quartz, feldspar (K-feldspar & Plagioclase) and biotite. The

cracks in various minerals of the specimen develop differently; this obvious difference in crack patterns is believed to result from the

nature of their microstructures. Careful observation shows that quartz display brittle and isotropic crack while feldspar and biotite

exhibit anisotropic cracks and the separating of their cleavage planes (cleavage cracks) is the one of the major failure forms of biotite

and feldspar. From the tectonic point of view, the granite has been strongly deformed and hydrothermally altered; such hydrothermal

fluids may be keep the system open for fluid movement to cause alteration metasomatism of granite.
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1  Introduction
There are previous studies have attempted to observe

microcracks both optically'"!

and with the Scanning Elec-
tron Microscope (SEM) '?!. In another research, the au-
thors made thin sections and examined them with the aid
of polarized light microscope (petrographic microscope) .

But there are several problems with such procedure.
First, the production of sections often introduces cracks,
making the identification of natural and experimentally
stress-induced cracks difficult.

Secondly, the cracks observed are limited in size to
about the order of tenths of millimeters or larger and im-
portant details are often missed.

The scanning electron microscope (SEM) is ideally
suited to the study of cracks in rocks because of its high
magnification and three-dimensional resolution. The au-
thors investigated the development of stress-induced mi-
crocracks in Zhejiang granite with the SEM, at room
temperature and a confining pressure of 51. 6 MPa. The

samples we studied are (40 mm x 6 mm x 6 mm)

rectangular shape. Microcracks are thought to play an
important role in the physical behavior of rocks. The only
subsequent surface preparation in stressed rocks was
treatment in an ultrasonic cleaner to remove dust particles
and the evaporation of a 200 A layer of 60% gold, 40%
palladium alloy onto the specimen surface to provide a
conducting layer for SEM operation. Fracture surfaces
from granite were examined to study microcrackes and
mineral identification such as cleavage, crystal form and
fracture behavior.

The engineering properties of a rock mass are a
function of the physical properties of the rock. It is im-
portant that the mineral composition, texture (grain size
and shape) and fabric (arrangement of minerals and
voids) are determined accurately because of these prop-
erties will control the engineering properties of weathered
rocks and their behavior in engineering works ***!. On the
other hand, microcracks were divided into three types:
intracrystalline cracks (lying totally within grain), inter-

crystalline cracks (extending from a grain boundary
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crossing into one or more other grains) and grain boundary
cracks (associated and perhaps coincident with the grain
boundary) . These three types of cracks were observed in
Zhejiang granite. Some researchers suggested that the
cracks be concentrated in and around quartz”~7" . For
stressed samples, Tapponnier & Brace'®'indicated that, in
a sample of Westerly granite stressed almost to failure,
K-feldspar and quartz had somewhat higher crack densi-
ties than plagioclase. Tullis & Yund"' found that intra-
granular cracking in the feldspars exceeded that in quartz
in samples of Westerly granite stressed to failure at room
temperature. These results indicate somewhat variable
responses of quartz and plagioclase to stress, but
K-feldspar consistently is highly cracked in stressed sam-
ples. Westerly granite and other granitic rocks have a long
and complex history of cracking and subsequent sealing

[10]

and healing processes . Cathodoluminescence studies

reveal a much higher density of healed cracks in feldspar

191 the open cracks at present study are

than in quartz
concentrated in quartz. Many of these early formed cracks
may have been healed or sealed as a result of the move-
ment through the granite of the hydrothermal solutions that

[11], mi-

also affected the plagioclase. According to Wong
crocracking in plagioclase in Westerly granites was more
closely associated with pores resulting from the hy-
drothermal alteration than with cleavage planes. He cal-
culated that of the three major minerals in Westerly
granite, microcline is the most anisotropic with respect to
its elastic properties. Plagioclase also has one perfect and
one good cleavage plane, and it should behave similarly to

microcline.

2 Methods

In this study granitic rocks of Zhejiang area is
medium to coarse grained (1 —6 mm), altered and com-
posed approximately of 40% plagioclase, 25% K-feldspar
25% quartz, and 10% mafic minerals, mainly mica
(biotite and muscovite). Microcracks in Zhejiang granite
were observed using an optical microscope. However,
under a microscope it was difficult to identify microcracks
and, further, to distinguish virgin cracks from secondary
cracks produced when the thin sections were made. To

solve these problems, scanning electron microscope

(SEM) reveals details of cracks and pores with a resolu-
tion of about 10~° ecm. Shape and location of individual
cracks is apparent in the SEM so that a much more de-
tailed characterization of dilatant microcracks should be
possible and resolution is extended nearly a hundred times

over optical method.

3  Investigation and Discussion
3.1 Quartz

On the fracture surface, the quartz grain is typically
characterized by both boundary and transgranular failure.
The transgranular failure of quartz grains is often pre-
sented themselves as conchoidal breakage pattern, which
is a series of irregular shell-like rings . Some of the con-
centrated deformation bands are accompanied by slip
surface, which can be recognized by well-developed stri-
ations and grooves (Figs. 1, 2 and 3). This is a typical
brittle fracture pattern of quartz. Occurrence of broken
quartz minerals in concentric shells is an indication of
earlier episodes of cataclasis during deformation in which
metasomatism was possible. There are some smooth frac-
tured surfaces without microstructure evidence for quartz
grains (Fig. 2), while there are some significant slick-
ensides on the quartz surface, which indicate the stress
direction (Fig. 4) . A possible explanation may be that
in quartz, which is elastically anisotropic, these surfaces
are also believed to be formed by transgranular failure.
There are some open microcracks are concentrated within
and along the edges of quartz crystals (Figs. 1 and 11).
Cracks first appear along its boundaries and with the in-
crease of deformations; rapidly develop in the quartz
grains (Fig. 1). So the quartz is considered as the valve
of failure process in granite.

Also observations reveal that the cracks first open up
along the quartz-quartz or quartz-feldspar boundaries in
some favorable directions (Figs. 11 and 12) which give
an indicate that the quartz boundary is relatively weak in
granite and is the most favorable place to crack.

3.2  Feldspar

Microcracking is particularly obvious in feldspar
than quartz, fracture in plagioclase has one perfect and
one good cleavage plane, and it should behave similarly to

K-feldspar (Fig. 5) . While the slight concentration of
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cracking in K-feldspar close to the shear fracture is closely
related to the two perfect cleavages in that mineral
(K-feldspar, Fig. 6) and is nearly directional and trans-
granular and follow some parallel planes (Fig. 6). Other
cracks develop during tectonic deformation and tend to
occur along cleavages (Fig. 7) . The existence of cata-
clasis is likely associated with the cleavage orientations of
the K-feldspar (Fig. 7) because these orientations reflect
a direction of deformation that initially opened the system
of fluid transport. The contact boundary is gradational in
K-feldspar-plagioclase boundary (Fig. 8) and seemingly
sharp in quartz-biotite or feldspar-biotite boundary (Figs.
12 and 13).

In some K-feldspar grains, the fracture is build from
the coalescence of bridges between en echelon group fract
ures extended parallel to the load axis (Figs. 9 and 10).
It is due to this particular en echelon failure form, the
fracture surface of feldspar is more’ undulated ” than that
as created by quartz grains. So permanent deformation of
feldspars occurs by microcracking, mechanical twinning,
creep and grain boundary sliding. The reason of the feeble
degree of cracking in between K-feldspar and plagioclase
is due to the commonly occurring K-feldspar mantles over
plagioclase and the contact between the two minerals will
be much stronger than is characteristic for grain boundary
(Fig. 11) .
Westerly granite are mantled by K-feldspar; good example

Some of the large plagioclase crystals in the

can be seen in the Fig. 11. Similarly mantled feldspars in
the Barre granite of Vermont were considered by Chayes'"
to be a late-stage, igneous crystallization process, with
the K-feldspar finding a preferred nucleation site on the
plagioclase. In detail, thought, at least minor replace-
ment of the plagioclase has occurred along the boundary
with the K-feldspar.

Furthermore, plagioclase appears to be more resis-
tant to microcracking than coexisting alkali feldspar, but
it has not been demonstrated whether this is related to the
bond strength, to the microstructure (e. g., perthite), or
both. Mechanical twinning is common in natural plagio-
clases from deep-seated rocks, but is absent in alkali
feldspars. The extensive hydrothermal alteration of some
plagioclase crystals may interfere with development of long
because the plagioclase

cleavage cracks, however,

structure will be interrupted in places by replacement
minerals that could provide a barrier to crack propagation
(Fig. 13).
3.3  Biotite

Biotite can be easily delineated under SEM due to its
perfect structure. It is slightly folded and kinked near the
borders of quartz and feldspar grains (Figs. 12, and 13).
This kinking would be explained by unhomogenity in e-
lastic stiffness at the boundary between biotite (hardness 3
and planer cleavage) and feldspar or quartz (hardness 6
and 7 respectively), which induces large tensile stresses
in the stiffer grain . The observations of biotite flakes have
indicated that the separating of cleavage planes is the
major failure form of biotite (Figs. 14 and 15). Cracks,
if any, rarely go through the biotite grain itself and the
most mobile boundaries are those between two the outside
lattices (Figs. 14 and 15).

oped along the boundary or arrested in the biotite grains

The cracks are either devel-

through some voids that play as a crack prison (Fig. 16).
It seems reasonable to treat biotite grains as small’ voids”
(Figs. 16) scattered throughout the granite and they act
as soft as well as deformable particles with weaker con-
nection to the neighboring mineral grains (Figs. 12, 13,

and 14)

i. e. the perfect cleavage in biotite grains (Figs. 17 and

. The specific microstructural nature of biotite,

18), is the dominant factor directly governing the failure
form biotite. Compared with quartz and feldspar, biotite is
a relatively soft mineral in granite with lower strength and

modulus'*?!

. Furthermore, if weaker minerals such as bi-
otite in a rock surround feldspar and quartz grains it will
be cushioned from any applied stress. Finally, the
cleavage planes of biotite would have weakened the rock
and facilitated local cataclasis, where brittle deformation
occurs; the strong replacement of this Na-plagioclase by

K-feldspar would favorable.

4  Conclusion

Scanning electron microscope observations reveal the
relation of mineralogy with cracks pattern in granite of
Zhejiang area. The failure process in granite is possibly
more dominated by crack propagation through grains. The
orientation of microcracks become evidently more parallel

to the loading direction. Most microcracks are following



132

2004

the grain boundaries, cleavage planes within biotite and
feldspar, and simple twin planes in plagioclase. Cleavage
plane, a weaker crystallographic plane, is an important
structural factor to shape the final failure features of
feldspar and biotite.

Regarding to failure characteristic the behaviors of
quartz and feldspar display a brittle manner, whereas the
fracture of biotite exhibit some extent, plastic. Kinking
and folding are observed in biotite, principally in grains
closed to fracture. Quartz fails in two major forms,
boundary cracking and transgranular cracking. Where
deformation and shearing was strong, plagioclase crystals
whose cleavage planes were aligned parallel to the plane
of shearing were the ones which were initially or most of-
ten slightly cracked and replaced by K-feldspar. In this
way the K-feldspar inherited the lattices of plagioclase
crystals all having the same parallel orientation. Defor-
mation that breaks crystal boundary-seals and bends and
fractures crystal lattices is essential to produce avenues for
fluid migration. So hydrous fluids have existed in frac-
tured rocks to cause nearly isochemical alterations and
weathering on a large scale. Quartz is relatively isotropic
and feldspar is relatively anisotropic. Grain boundary
cracking is strongly associated with mineralogy, and the
fracture mechanisms for various types of minerals are ob-
viously different, which are closely related to their native
microstructures.

The lesser degree of cracking along K-feldspar-
plagioclase boundaries is due in large part to the com-
monly occurring K-feldspar mantles over plagioclase.
Because the K-feldspar overgrowth is in crystallographic
continuity with the plagioclase core, the contact between
the two minerals will be much stronger than is character-

istic for grain boundaries.
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1 — SEM photomicrograph showing the typical transgranular failure of quartz, which well developed straitions and trenches or pore inside the quartz grain can

recognize. The white debris scattered on the surface are cataclastic minerals formed during fractures. Q: Quartz, p: pore.

2 — SEM photomicrograph showing some smooth fractured surfaces of quartz with some micro fracture slickensides, which indicate the stress direction. Q: Quartz.

3,4 - SEM photomicrographs showing a typical brittle fracture pattern of quartz.

5 — SEM photomicrograph showing the failure of plagioclase, which has one perfect and one good cleavage plane extending in one direction. There is a smooth

contact between plagioclase and quartz. PL: Plagioclase, Q: Quartz.

6 — SEM photomicrographs showing the failure of K-feldspar. Their fracture surfaces are closely related to the two perfect cleavages. Note, fracture in feldspars

(Plagioclase and K-feldspar) is nearly directional and transgranular and follow some parallel planes compared with quartz. K: K-feldspare.
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7 — SEM photomicrograph showing the cataclasis of K-feldspars, which associated with the cleavage orientations of the minerals because these orientations reflect
a direction of deformation. There is a contact boundary between the two K-feldspar grains that fail in transgranular form. K: K-feldspar.

8 — SEM photomicrograph showing the gradational contact boundary in K- feldspar-plagioclase grains. PL: Plagioclase, K: K-feldspar.

9, 10 — SEM photomicrograph showing the failure of K-feldspar displayed step-like shape extending parallel to the load axis. It is due to this particular en echelon
failure form, the fracture surface of K-feldspar is more* undulated” than that as created by quartz grains. K: K-feldspar.

11 — SEM photomicrographs showing the concentrations of cracking in and around quartz. Cracks in quartz grain usually present themselves as straight and smooth
lines. The lesser degree of cracking along K-feldspar-plagioclase boundaries is due in large part to the commonly occurring K-feldspar mantles over
plagioclase. A large portion of the fracture surface fails in the form of transgranular cracking, or boundaries cracking, particularly for the fracture of feldspar
and these areas always associate with the failure of quartz. PL: Plagioclase, K: K-feldspar.

12,13 = SEM photomicrograph showing the biotite breaks down and is replaced by plagioclase and quartz. It is slightly folded and kinked near the borders of
quartz and plagioclase grains respectively. Bi: Biotite, Q: Quartz, PL: Plagioclase.

14 — SEM photomicrographs showing the contact boundary between biotite and quartz grains. Cleavage plane is obvious in biotite. Bi: Biotite, Q: Quartz.

15 — SEM photomicrographs showing the major failure of biotite and the most mobile boundaries are those between two lattices, which are so oriented. Bi: Bi
otite.

16 — SEM photomicrograph showing mélange of biotite due to different stresses. Tiransgranular fracture in stressed crystal, folding and kinking in
deformed biotite. There are voids inside the biotite. Bi: Biotite V: Void.

17,18 — SEM photomicrograph showing separated cleavage planes of biotite grains. The fractures exhibit distinct propagation across the cleavage

planes at which loading took place. Bi: Biotite.
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