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ABSTRACT. Oriented cylindrical samples cored from clear untwinned quartz crystals 
we re deformed in compression in a piston and cylinder device, using bismuth as the pres­
sure medium. Manv samples were deform ed to failure in the BiIIpBiIII transition at 
27 kb and the ultimate strengths of the e samples are recorded; the values show a high 
degree of consistency. Strengths of samp les compressed parallel to the c-axis are signifi ­
cantly higher than those of crystals compressed in other directions. 

The samples failed by rupture along " faults" in planes of high shear stress. These are 
crystallographically controlled: they are commonly parallel to the basal plane c and the 
unit rhombohedra rand z, and rarely to the prisms m and a. The main faults are generally 
inclined a t less than 45° to the axis of compression but in crystals of two orientations they 
a re inclined at angles grea ter than 45° to the compression axis. The faulting is apparently 
a fracture phenomenon. Thin zones of isotropic material, with lower refractive index than 
quartz, are present along many faults; some of these zones contain minute amounts of 
crystalline material, with higher indices and lower birefringence than quartz, probably 
coesite. The origin of these new phases is discussed. 

Faulting takes place at lower shear stress on the base than on the unit rhombohedra, 
and on the unit rhombohedra than on the prism planes. Shear strengths along different 
planes a re unrelated either to the bond density across these planes, the shear moduli, or 
the theoretical strengths. Other workers have shown that at higher temperatures quartz 
deforms by slip on tile base and other planes including rhombohedral planes and possibly 
prism p lanes; the critical shear stresses for slip on the different planes, insofar as they are 
known, appear to vary in the same way as those for faulting. It is suggested that faulting 
is initiated by small amounts of slip on the planes; this gives rise to submicroscopic cracks 
which become la rge enough to propagate as brittle fractures. 

INTRODUCTION 

At the time when this study was begun, there was no unequivocal evidence 
that plasti c deformation of quartz had been produced ell.'p erimentally in the 
laboratory. It has been shown by many workers that high confining pressurt' 
tends to inhibit the fracture of materials and thus enhances the possibility of 
plastic flow taking place. In view of thi s, the present series of experiments was 
undertaken to determine if quartz would yield by plastic deformation at con­
fining pressures in the region of 25 to 30 kilobars (kb ) at room temperature, 
and, if so, to identify the mechanisms of deformation. 

The experiments were carri ed out in a piston and cylinder apparatus, de­
signed by G. C. Kennedy (Kennedy and LaMori, 1961). Cylinders cored from 
single crystals of quartz were deformed in compression, using bismuth as the 
pressure medium. The dimensions of the sample and the assembly were ar­
ranged so that the quartz would be deformed as the bismuth underwent a poly­
morphic transition at 27 kb, thus fixin g the confining pressure_ 
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In all the experiments the quartz failed by sudden rupture as it does at 
lower confining pressures. An examination of thin sections of the deformed 
samples showed that the quartz had deformed by shear, or faulting, along 
rational crystallographic planes. One of the main objectives of the study is the 
examination of the mechanism by which this faulting takes place. The experi­
ments were extended to a number of different orientations to provide a com­
parison of the strengths in different crystallographic directions and to determine 
which crystallographic planes are the fault-planes in specimens of different 
orientations. 

EXPERIMENTAL METHODS AND PROCEDURE 

Apparatus and Experimental Procedure.-The equipment used to deform 
the samples is a piston and cylinder device (Kennedy and LaMori, 1961) 
similar to those of Coes (1955), Hall (1958), and Boyd and England (1960a). 
It consists of a cylindrical tungsten carbide pressure vessel (G. E. Grade 883) 
supported by hardened steel (S.A.E. 4340) binding rings as shown in figure l. 
The steel binding rings are pressed together with 1 percent interference on a 
taper with a 3° included angle. The ends of the carbide pressure vessel are sup­
ported by compression between large hydraulically-driven platens through 
which the carbide piston passes into the pressure vessel. The piston fits the 
cylinder within 0.0002 inch. 

The principle employed in the experiments was as follows. At room tem­
perature bismuth undergoes two polymorphic transitions between 25 and 30 
kb, BiI ~ Bill at 25.4 kb and Bill ~ BiIII at 27.0 kb (Kennedy and LaMori, 
1962). There is a considerable change of volume (approximately 8 percent) in 
the range of these transitions. Thus if the pressure vessel is filled with bismuth 
and then compressed, there is a large piston displacement with relatively slight 
change of pressure within the bismuth. The sample assembly in the experiments 
(fig. 1) was designed so that the deformation of the quartz would take place 
entirely within the pressure range of the transitions. The quartz cylinder and a 
tungsten carbide endpiece were sealed within a machined copper jacket which 
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Fig. 1. Section through the apparatus and sample assembly. Scale is approximately 
correct for runs with the larger crystals. 
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was fitted into a hole machined in a previously-compacted slug of bismuth. The 
disc of indium between the quartz sample and the piston acts as a space-filler; 
indium was used because of its very low strength. It ensures that the quartz is 
compressed hydrostatically in the early stages of the experiment. During the 
experiment, as the loading piston is advanced, the indium is progressively 
squeezed aside along the piston face and between the bismuth and the copper 
jacket, until at a certain piston displacement, which depends on the geometry 
of the assembly, the compressibility of the bismuth and indium, and the elastic 
constants of the quartz, the quartz is in contact with the piston. The quartz is 
then compressed axially by the piston, at a confining pressure equal to that of 
thf' bismuth . The sample assembly was designed so that the pi ton would con­
tact the quartz within the first transition (Bil p Bill ) and the quartz fail be­
fore the completion of the second transition (Bill p Billl). 

In the first experiments quartz cylinders 1.0 cm in diameter and 2.5 cm 
long were deformed in a pressure vessel 2.5 cm in diameter. The records in 
these experiments showed that a large proportion of the cylinders fai led after 
the second transition was complete. It is estimated that the confining pressure 
at the time of fai lure in these experiments was between 27 and 30 kb. It was 
impossible to calculate the trengths accurately for these experiments. The as­
sembly was redesigned to ensure that the deformation would be complete (to 
failure) within the range of the second bismuth transition_ This involved the 
use of smaller quartz samples (0.45 cm diameter, 1.3 cm long), thinner copper 
jackets, and a larger volume of bismuth, relative to the quartz. These were de­
formed in a cylinder of smaller diameter (1.27 cm). All the strength determi­
nations reported below are for samples that failed during the second transition 
of the bismuth, when the confining pressure was 27 kb . 
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Fig. 2. Diagrammatic representation of records showing ram pressure and piston dis­
placement. 
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The data were automatically plotted by an X-Y recorder, with the ram 
pressure along one axis and the displacement of the piston along the other (fi g. 
2). The bismuth transitions are indicated by a large piston displacement with 
little change in pressure. When the quartz made contact with the piston the 
ram pressure increased much more rapidly than in the normal transi ti on in a 
sample containing only bismuth (fig. 2). In most of the experiments the quartz 
failed with a loud report, and the records show a rapid decrcase of pressure 
and increase of piston displacement at the time of failure. After rupture, the 
sample was unloaded, rapidly in some experiments and slowly in others. In 
three experiments, the sample was unloaded when the axial load was just below 
the rupture point, as determined in earli er experiments. These samples were 
sectioned as the others were (see below) for comparison with the ruptured 
samples. 

Because of high (and undetermined) friction between the pi ston and 
packings and the pressure vessel in the experiments, and the small but finite 
strengths of the bismuth and copper in the assembly, the strengths of the sam­
ples were not computed directly from the curves. Instead, calibration runs were 
made using samples of exactly the same geometry as those for quartz experi­
ments, but in which the quartz cylinder was replaced by one of a material with 
low strength. Indium was chosen as its strength at these pressures (approxi­
mately 0.5 kb) is negligible compared with that of quartz and its compressi­
bility is almost identi cal with that of quartz. In the idealized curves in fi gure 2, 
the vertical di tance (AB) between the rupture point (A) for a quartz sample 
and the point (B) on the curve for the calibration run is proportional to the 
strength of the quartz, minus the load supported by a similar sample of indium 
under the same conditions. The axial stress on the quartz can be computed 
from the ram pressure, since the cross-sectional area of the ram and the initial 
cross·sectional area of the quartz cylinder are known. The accuracy of the 
Heise-Bourdon gauge used to measure the pressure behind the ram is stated 
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30 J. M. Christie, H. C. Heard, and P. N. LaMori 

to be -+- 0.5 bars. In converting the ram pressure to axial load on the quartz 
cylinder, this is equivalent to approximately -+- 0.5 kb axial stress on the 
quartz; this is therefore the precision with which the measurements were made. 
Since the correction for the strength of indium was approximately the same as 
the estimated precision of the measurements, no correction was made for this. 
Changes in the cross·sectional area of the quartz sample due to (1) compressi­
bility of the quartz and (2) elastic distortion of the sample under load are of 
opposite sign and cancel each other within the precision of the measurements. 

The average strain·rate in the quartz during loading was 3 X 10-4 per 
second. The samples that were deformed but not ruptured showed no macro­
scopic evidence of deformation. Thus most of the permanent strain in the other 
samples must have been produced almost instantaneously at rupture, and the 
deformation before rupture was therefore predominantly elastic. 

Preparation of samples and thin sections.-The deformed samples were to 
be examined optically in thin section, and since it is impossible to determine 
the orientation of the a-axes optically, it was necessary to devise a method of 
coring and marking the samples so that the orientation of the cylinders, and 
ultimately the thin sections, would be fully known. 

The cylinders were cored from large optical-quality quartz crystals using 
a diamond-impregnated coring drill. Large crystals with well-developed prism 
and rhombohedral faces were etched lightly with 40 percent hydroHuoric acid. 
The shapes of the etch-pits on these faces were used (Ichikawa, 1915) to dis-
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Fig. 4. Diagram representing the crystallographic orientations of the eight types of 
,samples used in the experiments. The crystal is viewed towards the positive end of an 
.a-axis. 
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tinguish the positive and negative unit rhombohedra, r {IOIl} and z {OlIl} 
respectively, and also to detect the presence of twinning (on the Dauphine or 
Brazil laws) at the surface of the crystals. Twinned crystals were rejected. The 
.etch-pits revealed the "hand" of the crystals and the orientation and polarity of 
the a-axes. The cylinders were marked in such a way that their orientations 
were fully known from the markings. 

Eight orientations of cylinders, designated lie, .1 r, .1 z, .1 m, A, B, C, and 
D (fig. 3), were used. The axes of all the cylinders lie in a plane normal to one 

. of the a-axes; they are inclined to the e-axis at the angles shown in figure 4. 
One end of each cylinder was marked with an arrow parallel to an a-axis and 
pointing to the positive end of this a-axis. Another arrow inscribed on the 
cylindrical surface, parallel to the cylinder axis, in a position corresponding to 
the point of the arrow on the end of the cylinder (see fig. 5) ; the longitudinal 
arrow was marked with the direction of the cylinder (e, r, z, m, A, B, C, or 
D) and a+ to indicate that the positive end of the a-axis emerges on this side 
·0£ the cylinder. This convention has the advantage that all the cylinders carry 
analogous but distinctive markings, and the orientation of a cylinder is known 
if the marking on either the end or the side of the cylinder survives the experi­
ment. 

After deformation the jacketed samples were removed from the bismuth. 
They generally retained their cohesion, though planes with displacements were 
visible in the copper jacket (pI. lA). The jackets were perforated or partially 
rc.moved, and the samples were impregnated with and embedded in a clear 
thermo-setting plastic to prevent disintegration during the preparation of thin 
sections. The sections were prepared, with one of two orientations (see below) 
from each of the deformed cylinders. 
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Fig. 5. Conventions for marking the orientation of crystals and thin sections. Marks 
on cylinders J.r and B are shown on the left. On the right are the two types of thin sec­
tion cut from a J.z cylinder and the stages in the preparation and marking of the thin 
section: top, half of the cylinder ground away; bottom, the half-cylinder mounted on 
marked slide ready for grinding and finjshing. 
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The convention for sectioning and marking the orientation on the thin 
sections (fig. 5) is the same for cylinders of all orientations. The two orienta­
tions of thin sections are desi gnated J-cut (parallel to the cylinder axis and 
parallel to the a-axis arrow) and 2-cut (parallel to the axis of the cylinder and 
perpendicular to the a-axis arrow). The selection of section-plane for any 
specimen depended on the orientation of the planes of displacement visible on 
the copper jacket; the specimens were sectioned so that the main shear-planes 
would be almost perpendicular to the section_ Half of the cylinder and plastic 
mount were ground away in the manner illustrated (fig. 5), and the half­
cylinder was cemented to a slide as shown. Care was taken that in all I-cut 
sections the slide would be viewed on the microscope stage with the positive 
end of the a-axis distinguished (to the right) and in all 2·cut sections, the 
slide would be viewed from the positive to the negative end of the a-axis. By 
following this convention it is possible to index any planar structures of rational 
orientation presen t in the deformed samples (subject to small errors inherent 
in the sectioning operations, which may be determined in part and are dis­
cussed below). 

Petrographic examination of the samples.-The thin ections were placed 
on a four-axis universal stage on a polarizing microscope, and the structures 
in them were examined in detail in transmitted light. Since one of the objec­
tives of the study was to try to reproduce the structures found in naturally de­
formed rocks, such as undulatory extinction and deformation lamellae, a very 
careful search was made for these features. 

EXPERIMENTAL RESULTS 

The ultimate strengths of the quartz cylinders were determined, by the 
method outlined above, for all the samples in which the records showed clearly 
that the deformation began and proceeded to rupture within the range of the 
two bismuth transitions. These are li sted in table 1. The confining pressure is 
represented as the least principal stress (Ta), and the total axial stress on the 
sample as the maximum principal stress (T1). This convention, in which a 
compressive stress is considered positive, is that usually used by geologists_ 

The larger samples used in the first e>.."periments showed considerable vari­
ation in the axial stress at rupture, but reduction of the data howed that most 
of these had failed at confining pressures above 27 kb. The strengths of the 
smaller cylinders, all of which failed in the Bill p BiIll transition at 27 kb, 
showed much better reproducibility. For this reason rupture strengths are re­
ported only for the second group of samples. Petrographic studies have been 

PLATE 1 

A. Components of equipment and sample assembly. In front of the pressure vessel 
are, left to right, the piston, two deformed samples in copper jackets, an undeformed 
sample, carbide endpiece, copper jacket, bismuth slug, and steel packing. 

B. Thin section of a large crystal compressed normal to z (759), showing develop­
ment of main fault parallel to the base and subsidiary sets of rhombohedral faults (r). 
Plane-polarized light. 

C. Thin section of a large cry tal compressed parallel to B (765), showing two sets 
of rhombohedral (r) faults more or less equally developed. Between crossed polarizers. 
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TABLE 1 

Strength of specimens 
Stresses in main fault 

Orientation Experiment at rupture in kilobars 
of cylinders number (0'1-0'3) in kilobars 

T 0' 

IIc 781 46.7 22.6 44.7 
Ilc 782 45.4 Average = 46.5 22.0 44.2 
Ilc 783 47.3 22.9 44.9 

.ir 785 42.1 20.4 43.0 

..Lr 786 41.6 Average = 42.6 20.2 42.8 

.ir 787 44.2 21.4 43.8 

J..z 780 40.8 Average = 42.1 19.8 42.5 
J..z 789 43.4 21.0 43.5 

.im 779 41.0 Average =42.8 14.7 33.3 

.im 790 44.6 16.0 33.8 

B 792 46.2 Average = 44.3 23.0 48.5 
B 793 42.3 21.1 46.8 

A,C,D Not determined 

made of sections prepared from both groups of samples, and the structures in 
the samples from both groups are identical for any given orientation (table 2). 

The strengths obtained from the smaller samples (table 1) show very good 
reproducibility compared with those obtained in earlier studies of the strength 
of quartz at room temperature (summarized in Griggs, Turner, and Heard, 
1960). The mean deviations of the measurements range from 0.7 kb, for cylin. 
ders parallel to the c-axis, to 2.0 kb for cylinders compressed parallel to B. The 
values for the cylinders compressed parallel to the c-axis are consistently higher 
than those for the other orientations; the values for the other orientations are 
more variable and show considerable overlap in their range. For this reason 
experiments with smaller samples were not carried out for all the eight orienta­
tions, as an unreasonable number of runs would have been necessary to demon­
strate a relationship between the strength and crystallographic orientation of 
the cylinders. 

PETROGRAPHIC OBSERVATIONS 

Structures in the deformed quartz.-The most marked characteristic of all 
the section, except those not deformed to rupture, is the presence of many frac­
tures with different orientations. The most obvious features in the thin sections 
are thin, well-defined zones of shearing, along which there are generally marked 
displacements of the crystal. The structures fall within the category referred to 
by Griggs and Handin (1960, p. 348) as "faults'? and this term is adopted for 
these features . The displacements on these faults account for most of the perma­
nent strain in the crystals. The faults commonly occur in parallel sets in a 
specimen, and many specimens contain two or more sets (pI. IB, C). It is gen­
erally possible to identify one main fault, or set of faults, along which most of 
the displacement has occurred and against which subsidiary faults are termi­
nated (pI. IB). But this distinction is not always possible: in some samples two 
1 A "fault" is defined as "a localized offset parallel to a more or less plane surface of non· 
vanishing shear stress" (Griggs and Handin, 1960) . 
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TABLE 2 

Experi- Orienta- Experi-
ment Orientations tion of ment Orientations 

number of faults cylinders number of faults 

753 rI, r2, Zt, Z2, Za A 762 Za, Z2, rI, ra, IDI, Ins 

755 rt, r2, rB, Zl, Z2, la A 763 Zs, Z2, rt 

781 Z1, r2, :la, fa, rt, :la 
A 791 Za, Zo, (0001), m, 

782 Z" Z2, r2, (0001) B 765 ra, 1'2, Zl 

B 770 r 2, 1'3, Zl 

35 

(0001 ), Zo, Za 749 B 791 r2, rs, Zo, ms, (0001) 
750 (0001 ), Zo,Za 
761 (0001), Za, Zo, r" r. 

B 793 T2, Ta 

785 (0001), Z., Za C 760 Zo, (0001), Za 
786 (0001 ), Zo, Za C 766 Zo, (0001), Zo 
787 (0001), Z2, Za C 767 Zo, (0001), Zo, aa 

754 (0001 ) - D 768 ra, (0001) , r • 
759 (0001), r2, ra, m, D 769 r" r2, ra, (0001) 

756 ra, Za, Zl, Z2, r2 

758 r 2, Z2, Zt, Z2, rI, t2 
784 Zt, 1'2, ra 
788 Z., r2, Zo, Z" (0001) 
790 r 1, 1'2, Z2, Zo, (0001) 

or more sets are more or less equally developed (pls_ lC, 2B), and in others 
two non-parallel sets of faults are present in a broad fault-zone. 

Associated with some of the faults are closely-spaced sets of fractures 
showing no displacements (pJ. 2A). These resemble the so-called "feather­
fractures" or "feather-joints" (Billings, 1954, p_ 117) along some geological 
faults, and we shall refer to them by the former name. Feather-fractures are 
generally considered to be extension fractures originating with, or immediately 
after, the fault. 

In addition to these two types of planar structures, there are other regular 
sets of frachlres which show no displacements parallel to their surfaces; the 
best-developed set is generally parallel to the ends of the cylinders (pI. IB). 
There is evidence that these are extension fractures produced on unloading the 
samples. Some long curved cracks are also present in the material (pI. IB ). 

At small distances from the faults the quartz commonly shows little evi­
dence of penetrative strain and may be indistinguishable from the undeformed 
material used in the experiments. Locally in some of the samples, however, 
there are extremely fine structures which can be recognized between crossed 
polarizers when the crystal is at extinction ; these are described in more detail 
below. In the immediate vicinity of the faults, on the other hand, there is a 
narrow zone in which the optical orientation differs from that of the host 
crystal (pI. 2C). There is considerable fracturing on a very fine scale in these 
zones of reoriented material, and it is possible that the disorientation has re· 
sulted from rotation of submicroscopic blocks bounded by fractures. Along the 
faults themselves a thin zone of brownish, op tically isotropic material may be 
present. In many instances this isotropic material contains tiny particles of 
fragmented quartz. Minute crystals of an optically anisotropic material of high 
refractive indices have also been observed in fault-zones in a few crystals. 
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PLATE 2 

Photomicrographs of structures and a new crystalline phase in thin sections of de· 
formed crystals. Scales are in mm. 

A. A fault with feather-fractures (lower right) and a subsidiary set of faults (upper 
left), inclined to the thin section, terminating against it. Direction of compression north­
south. Plane-polarized light. 

B . . Intersecting sets of faults. Plane-polarized light. 
C. Reoriented material along faults, between crossed polarizers. Note intense fractur­

ing in reoriented quartz. 
D. Segment of a thick fault-zone containing an elongate aggregate of slightly bire· 

fringent crystalline material with high indices (probably coesite) . Plane-polarized light. 
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In the examination of the deformed crystals, a careful search was made for 
undulatory extinction and deformation lamellae of the type found in naturally 
deformed quartz. Both of these features were observed only in a small part of 
one sample (766) ; the lamellae were approximately basal and associated with 
slight undulatory extinction in zones parallel to the c·axis of the crystal.2 In this 
experiment the piston broke, and there was consequently very rapid unloading 
of the sample. The stress conditions in the experiment were unknown, and it 
was impossible to determine whether tlle structures formed during loading or 
unloading. Similar structures were not produced in other samples of the same 
orientation. Though this is probably the first case in which these structures 
were definitely produced experimentally, it is relatively insignificant, since the 
conditions at formation were unknown. These structures have now been pro· 
duced extensively in single crystals and aggregates (Carter, Christie, and 
Griggs, 1961; Christie, Carter, and Griggs, 1961) at similar confining pres· 
sures and higher temperatures. Heard (ms) has also produced these structures 
in quartzite at more moderate pressures and temperatures (5 kb and 300 to 
500°C) in experiments at slow strain rates (10- 6 to lO-s/ sec). 

Orientation 01 the Planar Structures.-The orientations of the planar 
structures were measured in equally spaced traverses across the crystals paral­
lel to the ends of the cylinders. It should be noted that a single planar structure 
extending diagonally across a section might be measured and recorded several 
times. The orientation of the c·axis was also determined in different parts of 
each section. 

All planar features, including faults, feather-fractures, and other planar 
and curved fractures, were measured in several sections; in the majority of the 
crystals, however, the orientations of only the faults, feather fractures, and the 
optic axis were measured. Measurements were made on nearly planar portions 
of the curved fractures in those sections in which they were examined. Since 
it is impossible to reproduce the orientation data for all the specimens, only 
representative diagrams are reproduced. Data for the remaining samples are 
summarized in tabular form (table 2). Orientations are shown on an equal­
area projection, using the lower hemisphere; the primitive circle in each pro­
jection represents the plane of the thin section in which the structures were 
measured. 

The attitudes of the different types of structures in two specimens, 749 
and 759 are shown in figures 6 and 7 respectively. A strong preferred orienta­
tion of all the structures is evident in the diagrams. 

Specimen 749 (fig. 6) was cored and compressed perpendicular to the 
plane r1. The most prominent set of faults is parallel to the base, and other well­
developed faults are parallel to the negative unit rhombohedra Z2 and Z3. The 
feather-fractures, which are all associated with the basal faults, are approxi­
mately parallel to Zl, though tllere is a greater spread of orientation than for 
the faults; this parallelism of the fractures with Zl may be fortuitous, since 
these structures are probably extension fractures, controlled by the orientation 
of the stress in the vicinity of the fault immediately after failure. The best-

2 It is not possible to photograph these structures satisfactorily as they are visible only 
when the section is tilled steeply on the U-stage. 
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Fig. 6. Orienta tion of planar structures in specimen 749. The primitive circle in the 
equal·area projections is the plane of the thin section and the orientation of the crystal 
axe and pole of rhombohedral and prism planes are shown. (a) Poles of faults. (b) 
Poles of feather·fractUTes. (c) Poles of other prominent planar fractures. (d) Poles of 
planar portions of curved fractures. 

developed set of planar fractures is perpendicular to the cylinder axis (that is, 
parallel to rl), but there are also fractures sub·parallel to other rhombohedral 
and prism planes. The planar portions of curved fractures also show a tendency 
to be controlled by the unit rhombohedral planes (T, z) and to a lesser extent, 
the prism planes (m) . 

In specimen 759 (fig. 7), cored and compressed normal to Zl, the most 
prominent set of faults is also parallel to the base, and faults parallel to T2 and 
Ta and the prism ml are also present. Feather·fractures are associated with the 
basal faults and show a tendency to be parallel to Tl (which may again be 
fortuitous); a few, possibly formed along the same faults on unloading, are 
almost parallel to Zl. The other fractures, not separated for this specimen, show 
a very weak preferred orientation; there are weak concentrations parallel to 
some of the rhombohedral planes. 
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Fig. 7. Orientation of planar structures in specimen 759. Ca) Poles of faults. Cb) 
Poles of feather-fractllres. Cc) Poles of other planar fractures. 

The parallelism of the faults with rational crystallographic planes is 
further demonstrated in figure 8, which shows their orientations in four sam· 
pies of different crystallographic orientations. These diagrams were selected to 
illustrate the variable degree to which the faults are parallel to crystal planes 
of low indices. Specimen 756 (fig. 8a) shows a strong preferred orientation of 
faults parallel to the rhombohedra rand z. In specimen 762 (fig. 8b) the poles 
of the faults spread along great-circles (ra-ma-za; r2-m2-z2) corresponding to 
important zones in the crystal; this suggests that some of the fault surfaces, if 
seen at greater magnification, might be step-like combinations of two planes 
with low indices (for example, Za and ra). In figure 8c (specimen 765) the 
concentrations of poles of the measured faults lie slightly away from the points 
representing the rand z planes. However, the angles between the measured 
planes correspond to the interfacial angles between the rhombohedral planes 
r2 and ra. Moreover, the measured c·axis is inclined to the predicted c-axis by 
approximately 10°, and it is evident that a rotation of the measured planes 
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Fig. 8. Orientation of faults in four specimens: (a) Specimen 756; (b) Specimen 
762; (c) Specimen 765; (d) Specimen 753. 

through this angle would bring them almost into coincidence with the predicted 
orientations of the rhombohedra. We consider that they are, in fact, concen­
trated parallel to r2, r3, and Zl and that the divergence in the diagram is due 
to a small rotation of the sample during the difficult operation of preparing the 
oriented thin section. The diagram illustrated (fig. Bc) represents the greatest 
divergence seen in any of the sections; the concentrations of poles of faults 
generally coincided very closely with the predicted orientations of the crystal 
planes.s The greatest spread in the orientation of faults encountered in any of 
the specimens is illustrated in figure Bd. It is still evident, however, that ap-
proximately half of the faults are almost parallel to the unit rhombohedra. ' 

The faults present in all the sectioned specimens are listed in table 2. 
Where one main set of faults is identifiable it is in bold·face type. The table 
3 The small errors are remarkable in view of the complexity of the methods employed to· 
make the sections. A check on the preservation of the orientation was obtained by optical 
measurement of the orientation of the c·axis and the ends of the cylinders. The departures­
from the intended orientation were generally less than 50. 
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shows the remarkable consistency with which the same crystallographic planes 
control the faults in cylinders of the same orientation. The most prominent 
faults are invariably parallel to the basal plane or the unit rhombohedra rand 
.z. Faults are present in a few specimens more or less parallel to the first order 
'prism m and the second order prism a, but these are very rare. 

The main faults are invariably parallel to planes of high shear stress. 
{;enerally when the basal plane or a unit rhombohedral plane is inclined at 
-slightly less than 45° to the axis of loading, the main faults are parallel to this 
plane. But when the basal or rhombohedral plane with highest shear stress is 
inclined at slightly more than 45° to the maximum principal stress axis, fault· 
ing still takes place parallel to this plane. For example, in C and D cylinders, 
faulting takes place on rhombohedral planes inclined at approximately 48° to 
the maximum principal stress axis; in cylinders .1 m, the main faults are also 
rhombohedral planes, inclined at approximately 52° to the axis of compression. 

Microtextures in the Deformed Quartz.-The deformed quartz in the 
-samples contains small birefringent haloes (rosettes) which are visible when 
the sections are close to the extinction positions between crossed polarizers. 
They are most obvious when the crystal is at extinction as in other positions 
they are obscured by the higher interference colors of the remainder of the 
crystal. They appear to be of two distinct sizes: the rays of the larger rosettes 
range from 0.05 to 0.1 mm in length when the crystals are at extincrion; the 
smaller ones are an order of magnitude smaller than this. Both types are 
situated in areas of the crystal that are free from faulting or severe fractur· 
ing, but the distribution of the two types is different. 

Most of the large haloes are associated with the extension fractures paral. 
lel to the ends of the cylinders and are located at the inner ends of fractures 
which extend only part of the way across the crystal (plate 3A, B). A few are 
isolated and not apparently associated with visible cracks (pI. 3C). A number 
of the extension cracks in the thin sections do not extend to either side of the 
crystal, and there is a birefringent halo at each end of these cracks. One 
further relationship between the haloes and fractures appears to be significant: 
some of the larger haloes are located on a short fracture in a shear orientation, 
perfectly parallel to the main faults in the samples; these fractures (approxi. 
mately 0.1 mm long) change orientation abruptly and become parallel to the 
ends of the sample; these cracks extend only to one side of the crystal (pI. 3C). 
The disposition of the bright and dark rays of the rosette-like haloes varies 
with the crystallographic orientation of the sample and with rotation of the 
section between crossed polarizers. The structures are most clearly visible in 
crystals sectioned parallel to the base (I-cut of .1 m cylinders), which are al. 
most isotropic. A few of these large haloes are present in the samples which 
were unloaded before rupture took place. 

The smaller haloes are not associated with cracks and are much commoner 
than the large. They are much more evenly distributed through the sections 
and are generally, if not invariably, centered on minute dark inclusions. The 
bright rays in all the haloes are parallel, giving the quartz a striated appearance 
in thin section on a fine scale. A close examination of thin sections of the un· 
deformed starting material revealed that a similar texture is present, in less 
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PLATE 3 
Photomicrographs between crossed polarizers showing birefringent haloes (rosettes) 

in deformed samples. Scales are in mm. 
A. Portion of sample 756, showing the relationship of haloes to extension fractlues. 

Cylinder axis is north·south. Note localization of haloes at the ends of fractures and, near 
the center of the photograph, a short fracture terminating in a halo at both ends. 

B. A large halo at the end of an extension fracture. Small haloes are also visible in 
the quartz. 

C. Two haloe associated with short shear· fractures, which are deBected and become 
extension fractures. An isolated halo, unassociated with fractures is visihle in the top left, 
above the extension fracture which traverses the photograph. 

« 
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marked degree, in the quartz crystals before deformation. Thus the structures, 
cracks or inclusions, which give rise to this effect are present before deforma­
tion, but it is emphasized by the deformation. This effect is visible only in 
some natural quartz and it has been noted that it is quite common in, and 
perhaps restricted to, the quartz in igneous rocks (C. Durrel!, personal com­
munication) . 

The haloes must be due either to local rotation of the lattice by plastic 
ddormation or induced birefringence due to residual stresses in the quartz, or 
a combination of the two effects. The significance of the structures is dis­
cussed below. 

Other phases in the deformed quartz.-The isotropic material along many 
of the faults is brownish in plane-polarized light. The zone of isotropic material 
is extremely thin or absent along some faults, is commonly between 1 and 5 
microns thick, and in a few cases is irregular and as thick as 100 microns. 
Where the zones are thicker than 5 microns, approximately, they contain high 
proportions of crushed and disoriented quartz fragments. The isotropic material 
has a refractive index markedly less than the lower index (w) of quartz. In one 
of the fault-zones in a section of one deformed crystal there is an aggregate of 
finely crystalline material (pI. 2D) with low birefringence and refractive in­
dices considerably higher than the higher index (€) of quartz. 

The thinness of the zones of isotropic material and the high proportion of 
quartz inclusions in them, make it impossible to isolate the material in sufficient 
quantity for satisfactory optical examination. The material along faults in three 
samples (separately treated) was removed by scraping with a knife-blade, fine· 
ly ground in a mortar, and examined in immersion oils. The powdered material 
was found to consist predominantly of quartz, with only small proportions of 
other materials. Oils with indices of 1.544 and 1.553 were used with each of 
the preparations. Of the small amount of isotropic material, most of the grains 
had a refractive index considerably lower than 1.544, a few between 1.544 and 
1.553, and an even smaller number greater than 1.553. In the preparations 
from l-wo of the samples a few grains were slightly birefringent, with indices 
considerably higher than 1.553. In order to compare the refractive index of the 
isotropic material with that of natural si lica glass (lechatelierite) the powders 
were immersed in an oil of index 1.4.6. All the material appears to have a re­
fracti ve index greater than 1.46. 

The isotropic material seems to have a variable refractive index, though 
no attempt was made to bracket the values more closely. Most of the material 
has an index between 1.46 and 1.54. The grains that appeared to have an index 
above 1.544 may in fact have been cryptocrystalline aggregates of quartz or 
cryptocrystalline mixtures of quartz and the anisotropic material with high 
indices, noted above. 

The anisotropic material with high indices (> 1.553) and low hire· 
fringence is probably the same as that identified in the thin section (pI. 2D). 
It was present in such minute proportions in the powdered samples that no at­
tempt was made to determine the indices in immersion liquids. The relief of 
the material, by comparison with quartz, is quite marked, however, and the 
only known phase of silica which has the requisite optical properties is coesite. 
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DISCUSSION OF DATA 

Values of strength.-The values obtained for the strength of quartz in the 
experiments (table 1) show more internal consistency than those of previous 
investigators. The strengths determined in the present study are compared with 
those obtained in experiments at room temperature and various confining 
pressures by earlier workers in figure 9. 

The strengths of cylinders compressed parallel to the c-axis (fig. 9a) are 
similar to those obtained by Bridgman (1941) at confining pressures between 
20 and 25 kb in an apparatus using isopentane as the confining medium; but 
they are considerably lower than those recorded by Griggs and Bell (1938), 
Bridgman (1940), and Goranson (1949) under similar conditions (fig. 9a). 
In these experiments Griggs and Bell and Bridgman used lead as the confining 
medium, and the confining pressure was obtained by a controlled Bow of the 
lead around the piston. Goranson employed a hydrocarbon, which was supposed 
to retain its low viscosity at high pressures. Griggs, Turner, and Heard (1960, 
p. 67-68) have discussed these apparently anomalous results and concluded that 
the results at high pressure in experiments using the lead apparatus may be 
subject to question; the similarity of Goranson's results to these, however, still 
represents a problem. Strengths determined at atmospheric pressure by Berndt 
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Fig. 9. Strengths of quartz at room temperature and various confining pressures, ob­
tained in the present study and previous studies (as indicated). The broken curves repre­
sent strengths predicted by the Griffith theory, using constants derived from the average 
strengths in the present study. 
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(in Sosman, 1927), Goranson (1949), and Griggs, Turner, and Heard (1960) 
show a high degree of consistency, but values obtained at confining pressures 
between one atmosphere and 20 kb are quite variable. 

The only previous data available on the strengths at room temperature for 
other orientations are determinations for compression perpendicular to the 
c·axis at atmospheric pressure (Berndt, in Sosman, 1927) and compression 
normal to r at 5 kb confining pressure (Griggs, Turner, and Heard, 1960)_ 
These are represented, with the data from the present shldy, in figure 9b. 

The abnormally high values of strength at high confining pressures ob­
tained by Griggs and Bell (1938), Bridgman (1940), and Goranson (1949) 
may have been due to high friction at piston-cylinder contacts in their ap­
paratus or to high strength of the confining media employed (Griggs, Turner, 
and Heard, 1960). Errors due to such effects could not be corrected in the data 
of these investigators, but should be compensated for in our data as a result of 
the method of reduction (comparison with a calibration sample of very low 
shear strength). The values obtained in the present study may be slightly low 
since no correction was made for the low but finite strength of the indium in 
the calibration sample. 

The origin of the fractures.- The prominent set of planar fractures 
normal to the cylinder axis is present in samples of all orientations. These 
fractures are planes of zero shear stress during the experiment; they are also 
normal to the axis of maximum principal stress during the loading of the 
sample and obviously could not have developed as extension fractures during 
loading. The simplest explanation of these features is that they are extension 
cracks which formed during the unloading of the sample. The fractures appear 
to be due to stress set up between the copper jacket and the quartz during un­
loading, for in experiments conducted under similar conditions with soft ma­
terial, such as silver chloride around the quartz, cracks of this type are not 
formed. 

Similar doubts exist as to the exact time that the other planar and curved 
fractures (excluding feather-fractures) were produced. It is unlikely that such 
extension fractures would form at the high pressures that existed in the sample 
during most of the experiment. They probably formed at the end of the un­
loading of the sample or even during preparation of the thin sections. It should 
be noted that they show a rather weak tendency to parallelism with the unit 
rhombohedra, similar to that demonstrated by Bloss (1957) for fractures pro­
duced by grinding at room temperature and pressure, and by Borg and others­
(1960) for fractures produced in deformation experiments on sand at moderate 
confining pressures. 

The feather-fractures, on the other hand, probably originated along with, 
or immediately after, the failure of the specimens along the faults. They appear 
to be extension fractures related to the faults. The fact that these fractures are 
not quite parallel to the cylinder axis, which is the axis of maximum principal 
stress in the samples until failure, may reflect the influence of the anisotropy of 
the crystals, since they show some tendency to be parallel to the unit rhom­
bohedra; but it is equally likely that this reflects the inhomogeneity of the 
stress after failure, and the feather-fractures may have formed normal to the 
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axis of least principal stress after failure in the vicinity of the faults where 
they occur. 

The nature and origin of the faults.-The nature of the faults is of par· 
ticular interest because of (a) their parallelism with crystallographic planes 
and (b) their inclination, in some instances, at angles greater than 45° to the 
axis of maximum principal stress. There are few data in the literature on the 
crystallographic orientation of fractures in brittle materials deformed in corn· 
pression. There are cases reported in which fractures in quartz (Griggs and 
Bell, 1938) and dolomite (Higgs and Handin, 1959) are non·crystallographic, 
but in others, such as the quartz crystal illustrated by Griggs and Handin 
(1960) the fractures are crystallographically controlled. There appears to be 
no consistency. 

The development of faults at angles greater than 45° to the compression 
axis implies either (1) that if the faults are due entirely to fracture the planes 
have markedly lower shear strengths than others in the quartz, or (2) that the 
faulting is due to slip on the planes, since slip is independent of the normal 
stress on the slip-plane and may therefore occur on planes inclined at angles 
greater than 45° to the axis of maximum principal stress. The question arises 
whether the faulting is purely a fracture phenomenon or is initiated by plastic 
deformation (slip) . 

That the visible faults are predominantly fracture phenomana is demon­
strated by the following features : 

(a) There is considerable fracturing on a fine scale in the vicinity of the 
faults . 

(b) The layer of isotropic material along many of tlle faults forms a dis­
continuity in the crystal, and the continuity of a crystal is not impaired by slip. 

(c) It was not possible to determine the direction of displacement on 
faults accurately, but in all cases it appeared to be parallel to the direction of 
maximum resolved shear stress in the fault. For rhombohedral faults, this 
means that the shear was not parallel to a unique crystal direction, as is gen­
erally true of slip. 

(d) The sudden shock accompanying failure is characteristic of fracture. 
It is possible, however, that failure was preceded by slip parallel to the planes 
of the faults. 

It is possible to determine the relative ease with which faulting takes place 
parallel to different crystal planes (e, r, z, m, a) by comparing (1) the stresses 
on all possible fault planes in cylinders of a single orientation, at the time of 
failure (and noting which is the main fault) ; and (2) the rupture strengths 
of cylinders of different orientations, in which different crystal planes are ex­
pressed as the main faults. Thus in cylinders compressed perpendicular to r1 

and Zl, the shear stress is greater on the other unit rhombohedra (Z2' Z3 and 
r2, ra respectively) than on the base (c), which is invariably the main fault. It 
follows that faulting takes place more easily, that is, at lower shear stress, on 
the base than on the unit rhombohedra. This conclusion is supported by the 
strength measurements, for cylinders .l rand .l z, which fault on the base, are 
consistently weaker than cylinders lie, which fault on the unit rhombohedra, 



Experimental Deformation of Quartz Single Crystals 47 

though the main faults in all three types of cylinders are inclined at the same 
.angle (38°) to the axis of compression. 

In cylinders compressed perpendicular to m, there is high shear stress on 
m2 and m3 compared with the rhombohedra r2, r3 and Zz, Z3, but the main 
faults are invariably parallel to the rhombohedral planes. Thus faulting appears 
to take place with greater facility on rand z than m. Similar considerations 
suggest that shear stresses high enough to cause faulting on the second order 
prism planes (a) are seldom attained. These conclusions are supported, in a 
more general way, by the fact that the m and a planes are never present as the 
main faults, though they are suitably oriented in several types of cylinders. 

The evidence clearly indicates that the critical shear stress required for 
faultin g on the basal plane (c) is less than for faulting on the T and z planes ; 
and the shear stress for faultin g on rand z is considerably less than for the 
prisms m and a (table 2). 

It is of interest to compare the relative ease of faulting on various crystal 
planes, as determined above, with the ease of c1eavability on these planes. 
Shappell (1936) and Fairbairn (1939 ) have calculated the ease of cleavability 
of quartz parallel to planes of low indices, using the criterion that cleavage will 
tend to occur along planes that cut the minimum number of bonds per unit 
area ; Fairbairn considered the ex-quartz structure and Shappell that of f3-
-quartz. In decreasing tendency to cleave, Shappell lists the planes in the order 
rand z, a, c, m ; Fairbairn lists them in the order T and z, m, c, a. Observations 
of natural cleavage in quartz (Fairbairn, 1939) support these inferences in 
that the commonest and most perfect cleavages are invariably parallel to the 
unit rhombohedra. Cleavage fractures are essentially extension fractures, and 
both investi gators, in deriving their results, considered a tensile tress acting 
normal to the planes. The density of bonds in the planes might also be expected 
to influence fracture in response to shear stress on the planes, but it is evident 
that such con iderati ons do not predict the rase of faulting on these planes, 
since the shear stress necessary to produce faulting on the base (c) is lcss than 
that for faultin g on rand z . 

It is possible to estimate the theoretical shear strength ("molecular co­
hesion") of crystals from considerations of the stress r equired to move an atom 
in any row into the next similar si te in the lattice (Cottrell, 1953) . According 
to the original calculation and assumptions of Frenkel, the critical shear stress 
necessary to produce such a displacement in a perfect crystal ('T",) should 

be 'T ill = ~ . 2P- , where a is the spacing between the planes along which 
a 7r 

di splacements occur, b is the distance between similar atomic sites in the direc­
tion of displacement, and p- is the shear modulus in the direction of displace-

ment. Since a~ b in most crystals 'T ill ~ ;7r . Subsequent refinements of this 

,calculation indicate that the theoreti cal shear strength of most crystals may be 
P-

as low as SO(Cottrell, 1953, p. 9). 

In the majori ty of crystalline materials plastic deformation occurs at 
stre ses several orders of magnitude lower than the theoreti cal strength , but it 
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is well known that quartz and other brittle materials, deformed in compression,. 
may support stresses much closer to the theoretical strength before rupture or 
plastic flow occurs. The shear moduli in quartz are a few hundred kilobars, and' 
the theoretical shear strengths are therefore an order of magnitude less than 
this. In compression experiments on quartz at room temperature and pressure" 
the maximum shear stress in the samples at rupture is approximately 10 kb. At 
the high confining pressure of the present series of experiments, the shear 
stress on the main faults at rupture is over 20 kb. The measured shear stresses 
are therefore within the range of the estimated theoretical values. In view of 
this, it is of interest to determine whether the shear stress necessary to produce­
faulting on the various planes varies in the same way as the shear moduli or 
the theoretical strengths for these planes, calculated according to the above­
equations. 

The shear moduli for certain directions in the planes c, r, z, m, and a are­
given in table 3. The values in the table are components Ciji j of the elastic­
stiffness tensor [Cijkl], relating the shear stress (O'ij) in the direction of in­
creasing Xi on the plane perpendicular to the coordinate axis Xj, to the shear 
strain in the same direction on the same plane (ejj). The elastic stiffness con­
stants (C jjkl) were calculated from values of the compliance constants (Sijkl) 
given by Nye (1957, p. 148). The moduli in the required directions were de­
termined by transformation (in cases where this was necessary) according to­
the standard law for a fourth-rank tensor : Cijij = a imajnaioajpCmnoP. The trans­
formations were carried out with a Bendix GI5 computer. 

The significance of these values for the problem under consideration is­
open to doubt, for the following reasons: (1) The elastic constants used in the 
calculations were determined at low pressure, and the behavior may not be­
linear up to the high pressures in the experiments; (2) the simple model from 
which the expression for theoretical strength is derived is a reasonable one for 
metal structures, but its relevance for a complex framework structure like that 
of quartz is doubtful. It is clear, in any case, that the relative ease of faulting 
on the planes c, r, z, m, and a is not related either to the shear moduli or the­
theoretical strengths, as calculated above. 

TABLE 3 

Shear moduli and theoretical strengths for various planes and directions 

Shear b Cllll ( b CI'I') Cljll Plane Direction modulus -- -.----
Cllll (kb) a 211' a 211' 30 

C {OOOl} < OltO> (.Lm) 571 1.58 90.9 143.6 19.0 
<10tO> (11 a) 571 0.91 90.9 82.7 19.0 

r {lOll} < lOt!> 384 4.07 61.1 248.7 12.8 

z {OlIl} < Olt!> 461 4.07 73.4 298.7 15.4 

m {IOIO} [0001] 571 1.29 90.9 117.3 19.0 
< IOtO> 398 1.15 63.4 72.9 13.3 

a {1l20} [0001] 571 2.20 90.9 200.0 19.0 
< OltO> 398 3.47 63.4 220.0 13.3 
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The classical theory of brittle fracture, the Griffith theory (Griffith, 1921, 
1925), was originally developed to account for the discrepancy between the 
theoretical and observed strengths of materials. Griffith postulated that solids 
contain many small cracks, which he represented, in his two· dimensional model, 
by extremely eccentric elliptical holes. He demonstrated that the stress near the 
ends of certain holes, of cri ti cal length and orientation, may reach the theo· 
retical value when the stress in the material as a whole is considerably below 
this value. These cracks will then be propagated and lead to failure of the ma­
terial. Griffith (1925) derived a fracture condition for biaxial states of stress, 
assuming a mechanically isotropic material containing elliptical cracks of 
random orientation, the maximum crack-lengths and radii of curvature of the 
ends of cracks being the same for cracks of all orientations. Failure is predicted 
when the highest tensile stress at the cnds of the longest crack of the most 
dangerous orientation reaches the value of the theoretical strength of the ma­
terial. In compression tests the cracks that will propagate and lead to failure 
are inclined at 450 to the greatest and least principal (compressi ve) stresses, 
0"1 and 0"3 respectively. Fracture should occur when 

(1) 0"3 = - K , if 0"1 + 30"3 < 0, and 

(2) (0"1 - 0";,) 2 - 8K (0"1 + 0"3) = 0 , if 0", + 30"a > 0 . 
The constant K in these equations represents the tensile strength for a uniaxial 
tensile stress (0"3 < 0 , 0"1 = 0). It has been suggested (Orowan, 1949) that 
the condition represented by equations (1) and (2) will hold for cases where 
the stress is triaxial, since normal and shear stresses acting normal to the plane 
of 0", and 0"3 cannot appreciably affect the stresses in this plane. Orowan (1949, 
p. 201) has shown that the fracture strengths of some brittle materials at high 
confining pressures can be correlated satisfactorily with their tensile strengths, 
experimentally determined, using the Griffith fracture criterion . Although the 
assumptions of mechanical isotropy and , perhaps, random orientation of cracks 
are not strictly valid for quartz, it is of interest to determine whether the 
Griffith fracture condition gives a good correlation between the strengths ob­
tained in the present scrie of e 'periments and those determined under other 
conditions . 

Since the average strength of crystals compressed parallel to the c·axis at 
27 kb confining pressure is 46.5 kb, 0", and 0"3 at failure are 73.5 kb and 27 kb, 
respectively. Substituting these valu es in equation (2) above, a value of the 
constant K, equal to 2.69 kb, is obtained. This should be the tensile strength of 
a crystal extended parallel to the c-axis. The maximum tensile strength at one 
atmosphere pressure recorded by Berndt (Sosman, 1927) in thirteen tests was 
1.19 kb and the average was 1.1 kb, which are approximately half the value of 
K. In view of the nature of these tests and the methods by which samples are 
gf·nerally prepared, (by sawing, grinding, or core drilling) the likelihood of 
surface flaws is high, and measured strengths are likely to be low. Usi ng the 
value of K obtained above, the strengths (0"1 - 0"3) at different confining pres­
sures (O"a) were calculated using the Griffith equation (2). These are repre­
sented by the curve in figure 9a. The strengths recorded by Berndt, Goranson 
(1949) and Griggs, Turner, and Heard (1960) , at one bar confining pressure, 
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Griggs and Bell (1938) at 8 to 15 kb, and Bridgman (1941) at 15 to 25 kb 
lie quite close to this curve. On the other hand, values of strength obtained by 
Griggs, Turner, and Heard (1960) at 2.5 to 5 kb and some of those obtained 
by Bridgman (1940), Goranson (1949), and Griggs and Bell (1938) at higher • 
confining pressures are considerably higher than the strengths indicated by the 
curve (fi g. 9a) . For reasons noted above, these latter measurements may be 
higher than the true values. 

The experimental data for cylinders compressed perpendicular to r and m 
are represented in figure 9b, along with the curve of the Griffith equation, cal­
culated using values of K obtained from our strength determinations. The two 
values of K are almost identical (K is 2.35 and 2.36 kb for r and m cylinders, 
r espectively), and the values of (Ul - ua) for both orientations are represented 
by a single curve. Few data are available on the strength for these orientations 
at other confining pressure . 

No definite conclusions can be drawn as to the consistency of the data with 
the predictions of the Griffith theory of brittle fracture. But many of the earlier 
strength measurements, particularly those made in compression tests at one at­
mosphere, which are not likely to involve such large errors as measurements at 
high confining pressures, can be satisfactorily correlated with the measurements 
made in the present study by means of the Griffith fracture criterion. 

It was demonstrated above that faulting takes place at lower shear stress 
on the base than on rand z and on rand z than on m and a. It was shown that 

I 
this is not accouutpd for by the bond density across these planes, as in cleavage 
development, or .. the elastic moduli. Nor is it in accord with the theoretical 
strengths for slip in these planes in the direction of the shear displacements on 
the faults. This is not unusual, as the plasticity of crystals is not generally re­
lated to their behavior below the elastic limit. To determine if the shear 
strengths along these planes are limited by plastic yielding, we should there­
fore consider the actual plastic behavior of quartz, insofar as this is known. 
Large plastic deformations of quartzite and quartz single crystals were recently 
obtained for the first time in the laboratory of D. T. Griggs (Carter, Christie, 
and Griggs, 1961 ; Christie, Carter, and Griggs, in press) . In short tests quartz 
flows plastically at high confining pressures (above 15 kb ) and moderate to 
high temperatures (3000 to 1500°C) and also at lower pressure (5 kb ) and 
moderate temperatures (3000 to 500°C) in tests at slow strain·rates (Heard, 
1962). Under these conditions slip on the base (c) is the commonest mechan­
ism, but other mechanisms also operate; there is evidence that the other slip­
planes include the rhombohedra T and z, and possibly also the prism planes. 
The critical resolved shear stress for basal slip is lower than for the other 
mechanisms. It is therefore possible to account for the greater ease of faulting 
on the base than on the other planes if it is postulated that faulting in our ex­
periments is initiated by small amounts of slip on the planes. 

The hypothesis that the faulting is initiated by small amounts of plastic 
flow is not inconsistent with the use of the term "brittle fracture" for the 
phenomenon. The term "brittle fracture" specifies only the mode of propaga­
tion of the existing cracks in a stressed body : it denotes that the only work done 
in crack propagation is that required to overcome the cohesive forces between 
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a toms on both sides of the crack and thi s may be derived from the strain 
energy of the crystal; this di stingui shes it from "d uctile fracture", in which 
material must be deformed plasti call y at the ends of cracks for propagation to 
lake place (Orowan, 1949). The work don e in the latter process is much 
greater than that required to overcome the cohesive forces. The initial fl aws or 
cracks which give rise to either brittle or ductile fracture may be prod uced by 
small plastic deformati ons. However, thi s hypothesis implies that there need be 
no relationship between the measured strengths and the curve predicted by the 
Griffith equation (above) since the factor which controls strength in this 
hypothesis is the stress necessary to induce the movement of di sloca tions (plas­
tic fl ow) which produce the initial cracks, ra ther than the stress necessary to 
propagate pre-existing cracks. 

In recent years the mechanisms of fracturing in many different materials 
have been intensively studied (Averbach and others, 1959) . It has been shown 
that plastic deformation commonly precedes brittle fracture and that several 
di slocation mechanisms may give ri se to cracks large enough to be " dangerous" 
in the Griffith sense and propagate as brittle fractures. In particular, high stress 
concentrations may develop at the intersections of primary and secondary slip 
bands, due to the pile-up of disloca tions, and give rise to the initial cracks 
(CoUl'ell, 1959). This mechanism has been demonstrated in MgO crystals by 
Parker (1959) and Stokes, 10hnston , and Li (1959). Parker considers that 
most cracks originate in a {lOO} cleavage plane, which is equally inclined to 
the two {llO} slip-planes at their intersection, though he also reports some 
cracks originating parallel to the slip-planes. Stokes, 10hnston , and Li (1959) 
have shown that the cracks in their experiments all originate in the {llO} slip­
pia nes. The resulting fracture is typically brittle in these experiments. Various 
other di slocation models have been suggested for initiating cracks, which may 
subsequently grow as either brittle or ductil e fractures (Orowan, 1954; Hahn 
and others, 1959; Cottrell, 1959) . 

The most sa tisfactory hypothesis to explain the crystallographic nature of 
the faults is that cracks were initiated by yielding and slight plasti c flow on 
certain planes, notably c, r, and z, and then propagated rapidly in these planes 
by the brittle fracture mechani m. 

The Nature of the Microtextures .- The larger birefringent haloes or 
rosettes are generally, though not invariably, associated with extension frac­
tures parallel to the ends of the cylinders, formed during unloading of the 
samples. This suggests that they may be due to residual stress at the leading 
edge of the cracks. To test this, a polished basal plate of quartz, less than 2 mm 
thick, was fractured so that some cracks extended part way into the crystal; 
the plate was observed on a polarizing microscope with the analyzer rotated to 
compensa te for the rotation of the plane of polarization in the plate, and a 
crack was propagated slowly by pressure on the plate. The birefrin gent halo at 
the end of the advancing crack was minute compared with the features in our 
samples, in spite of the greater thickness of the plate. It is therefore clear that 
the haloes in the samples are not due merely to residual stress at the ends of the 
extension cracks. This implies the presence of comparatively large permanent 
strains at the sites of the birefrin gent features. It i probable also that the 
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transverse extension fractures originated at these sites, where the residual 
stresses must also be large. The existence of isolated haloes and the termination 
of some cracks in a halo at each end are consistent with this conclusion. 

The birefringent haloes are similar in general character to a birefringent 
rosette photographed with polarized infrared radiation in silicon by Bond and 
Andrus (1956). This was attributed to the stress around a single edge dislo­
cation; the rosette is considerably smaller than those in the deformed quartz. 
Similar features have been observed in corundum and Rochelle Salt crystals 
and attributed to the stress around "macroscopic edge dislocations" 
(Indenbom, 1958). Such a macroscopic dislocation would most probably con­
sist of a locked array of actual edge dislocations of similar sign lying in one 
plane. The stresses due to such an array would be much greater than those 
around a single dislocation (Koehler, 1952). The association of some of the 
large haloes in our samples with short fractures parallel to the main faults sug­
gests that the faults may originate at regions similar to those represented by the 
haloes. Thus the birefringent haloes probably constitute visible evidence of 
plastic deformation which preceded the fracturing along fault-planes. 

The Origin of New Phases.-The isotropic material along the faults in the 
samples may be glassy material which originated by fusion of the quartz along 
the faults or it may have been formed by extreme mechanical disruption of the 
quartz in the immediate vicinity of the shear-planes. In view of the very small 
displacements on some of the faults the latter alternative is doubtful, and the 
former will be considered in more detail. 

Most of the large samples contain less than 50 faults of area 1 cm2
, and 

the average thickness of the zones of isotropic material is less than 10 microns; 
the total volume of isotropic material in these samples is therefore less than 
0.05 cm3

• The heat required to raise the temperature of this quartz to the melt­
ing point and produce fusion can be calculated approximately. The tempera­
tures of the a-f3 transition and melting at the high pressures of the experiments 
are not known, but it is assumed that the transition will occur at approximately 
1200°C and melting at 2000°C, consistent with the extrapolated and inferred 
phase boundaries given by Boyd and England (1960b). From the data given 
by Goranson (1942) on the heat capacities and heat of fusion of quartz, the 
heat content at the melting point plus the heat of fusion is approximately 600 
cal per gm. These data were determined at one atmosphere, but calculations 
show that the values of heat content at 30 kb differ by only a few percent from 
those at one atmosphere. Since the volume of isotropic material in the large 
samples is 0.05 cm3 or approximately 0.12 gm, the energy required to heat and 
melt this material is 72 cal ; the mechanical equivalent of this energy is ap­
proximately 3 X 109 ergs_ This should be compared with the elastic strain 
energy of the system immediately before rupture of the samples to determine 
whether actual fusion of the quartz along the faults might have occurred. 

The elastic strain energy of the system comprises the strain energy of the 
crystal and that of the apparatus, including the piston, pressure vessel, hy­
draulic system, and structural framework. Of these, only the elastic strain 
energy of the crystal sample can be estimated. The apparatus is very large com­
pared with the crystal, and the strain energy of the apparatus is greater, per-

• 
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haps by orders of magnitude, than that of the crystal. The elastic strain energy 
(W) in the samples is given, in matrix notation (Nye, 1957, p. 137), by 

W = 1;2 Cij fi Ej 

, = 1;2 ITi Ei 

= 1;2 Sij IT i ITj 

Substituting values of the compliance constants (Nye, 1957, p. 148) and the 
stress in the samples immediately before rupture, the strain energy density (in 
cylinders compressed parallel to the c·axis and normal to m) is found to be 
approximately 3 X 109 ergs/cm3 • The strain energy in the larger samples 
(volume 2 cm3

) is therefore of the order of 6 X 109 ergs. 
Thus the energy necessary to cause fusion along the faults, to the extent 

indicated by the isotropic material, is less than the elastic strain energy of the 
crystal by only a small factor. It should also be remembered that the work done 
in producing the fractures is also derived from the strain energy of the system. 
However, inasmuch as the elastic strain energy of the apparatus is much 
greater than that of the crystal, it appears to be possible that the isotropic 
material originated by fusion, if the elastic strain energy was rapidly dissi­
pated as heat along the faults, as a result of friction. 

It was shown that the refractive index of the isotropic material was vari­
able but invariably greater than that of the common form of silica glass, 
lechatelierite. This may be due to imperfect destruction of the quartz structure, 
or the packing of the atoms or Si-O groups may be denser, because of the ex­
tremely high pressures of formation, than in lechatelierite. 

Although the conditions in the samples at rupture probably are wi thin 
the stability field of coesi te (from a linear extrapolation of the phase boundary 
determined by Boyd and England, 1960b) coesi te was not expected to form in 
the experiments in view of the sluggishness of the transformation, Quartz ~ 
Coesite, at low temperatures (MacDonald , 1956; Boyd and England, 1960b). 
MacDonald found that runs made in a simple squeezer at 400°C require almost 
a day to yield coesite. However, the transformation may have been accelerated 
locally along the faults by heat derived from the sudden conversion of strain 
energy at rupture, just as fusion may have taken place in the vicinity of the 
faults. 

Geolog~cal Significance.-The conditions in the experiments do not simu­
late those in the earth's crust under normal condi tions: the mean pressures are 
equivalent to those at depths of about 100 km, and the temperature is that of 
rocks at the surface; moreover, the stress differences ( ITI - IT3) at rupture are 
much greater than those which may exist within the crust in normal circum­
stances. The experiments were originally designed to attempt to produce plastic 
deformation of quartz and from this viewpoint they demonstrate only that 
extensive plastic deformation does not take place under these conditions. 

The experiments may, however, be of direct relevance for studies of 
quartz·bearing rocks at the sites of meteoritic impact, where the initial de­
formation is extremely rapid and may take place at low temperatures. Extreme­
ly high pressures and differential stresses are also generated on impact. The 
conditions locally at impact sites may be similar to lhose in our experiments, 
and structures like those in our samples may be produced in rocks which are 
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not completely disrupted or heated to high temperatures near the center of 
impact. 
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