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o ABSTRACT : \ . ;‘

Thid paperf;evieﬁsAthe static ductile deformational processes in S \
neturally and experimentally deformed quartz, olivine, pyroxenes and plagioclase\ VA
o S

as determined by many workers primarily in the last decade. The orientations of
deformational lamellae in experimentally deformed quartz vary with temperature,
pressure and strain rate but, as predicted by the experiments, lamellae of only
one orientation (subbasal I) are similar in all respects to most natural lamellae.
The slip systems in-olivine change with increasing temperature and pressure and
décreasing strain rate from (100), {110}[001] through {0k1}[100] to (010)[100].

At a natural strain rate of lOJh sec._1 the {0k1}[100] system observed in most
peridotites should operate at temperatures above about 300°C at low (3-5 kb)
pressures. Orthopyroxenes in rocksﬁommonly deform by kinking on the system
{100}[001] but this mechanism is observed in cxperiments only at very high
temperatures and low rates, deformation under other conditions being accompanied

by a martensitic inversion to clinopyroxene. The slip vs. transformation boundary
is strongly température and rate as well as stress dependent and the transformation
should not take pléce in naturé at temperatures above about 500°C. Experimentally
deformed clinopyroxenes twin on {001}[100] at the lower temperatures and higher
rates giving way at higher temperatures and lower rates to twin and translation
gliding (in opposite sense) on {100}[001]; the latter mechanisms are dominant in
tectonites. Plagioclases are rarely deformed in tectonites but experiments on
those of various composition and structural states have produced albite and
pericline twinning, {010} slip, and subbasal lamellae.

The best understood of the recovery processes, polygonization, has been
observed in both expérimentally and naturally deformed quartz, olivine and
enstatite. Polygonization, leading to the formation of subgrains having small
disorientations, occurs by the diffusion-controlled process of dislocation climb.
Dry creep experiments on peridotite have shown the polygon size in olivine to be
dependent on stress. The analysis leads to an estimate of 1 kb stress difference

during polygonization of olivine in certain xenoliths although small concentrations

“:"‘” ey 3 . 74
CA7E6g ﬁ/'/'i‘(lile s Qerl:e’ Ia_sgi%te Cobntribution No. 55.

~

of HQO might lower this estimate appreciably.
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Syntectonic recrystallization of a-quartz aggregates in axially symmetric
experiments give g_{fcl at low temperatures and high rates changing continuously
to small circle girdles (25° to 50°) about oy at the higher temperatures and lower
rates. Crossed girdle fabrics, similar to those commonly observed in gquartz
tectonites, were produced in the a-field at high temperatures in experiments in
which the stress and strain fields were not axially symmetric. Quartz aggregates

recrystallized in the B-field develop composite ¢ Il o + g_l.olAfabrics.

1
Experimental syntectonic recrystallization of both olivine and enstatite

aggregates gives E_}lc with a and ¢ girdles in the o, = 03 plane, fabrics

also common to naturaliy deformed peridotites. Howevir, in natural deformations
in which 01#02#03, a (01) probably develops parallel to o5 as may a (opx) in
accord with predictions of the elastic anisotropy hypothesis.

The deformational processes induced by static and dynamic deformation
of silica and silicates are compared briefly; the processes operative in

tectonites are readily distinguished from those produced by shock defermation.




INTRODUCTION

Microstructures and fabrics of statically deformed rocks may provide
important clues as to physical conditions during deformation and to the tectonic
history of the material. Many of the relevant data can be obtained directly by
optical, x-ray and electron microscope studies of the rock specimens themselves
but these data must be evaluated with reference to controlled laboratory experi-
ments. The purpose of this paper is t@xsummarlze/the results of relevant
deformation experiments on quartz, olivine, pyroxenes and plagioclase and assess
the extent to which processes operatlve in the experiments have also been active

in natural deformations. Because of space limitations, I shall omit a discussion

of fracture of the materials and will treat only, in turn, the processes of plastic

deformation, recovery, and recrystalliiation. It is, of course, essential %o
distinguish between effects due to static and dynamic deformation in order to
interpret properly the data obtained from studies of deformational features in
rocks. While both types of deformation are clearly important, particularly in

lunar studies, it is the static deformation that will ultimately provide infor-

mation concerning the tectonic history and thermal evolution of terrestrial plancts.

Appreciable advances in the understanding of the behavior of the strong
brittle silicates have been made in the last decade mainly by David T. Griggs,
his students and colleagues, and through the advent of solid medium high pressure
deformation apparatus designed by Griggs and gas apparatus designed by Griggs and
H. C. Heard. Some progress in determining the deformational processes has come

from applications of standard methods of structural petrology but relatively new

optical techniques, such as those by Turner et al., (1954), Christie et al., (196L),

Raleigh (1965) and Carter and Ave'lallemant (1970), have allowed systematic
determinations of the plastic deformation mechanisms. Certain x-ray technigques,
developed primarily by metallurgists, have just recently been adopted in studies
of éubstructure and fabrics of the deformed materials. The most important

contribution has been the adaptation of x-ray texture goniometry to determinations

of complete fabrics of recrystallized silica and silicate aggregates by Baker et al.,

(1969) as best exemplified in the quantitative studies of quartz preferred orienta-

tions by Green et al. (1970). Replication electron microscopy was first used in

these materials to confirm the hypothesié that basal deformation lamellae in

experimentally deformed natural quartz were composed of arrays of edge dislocations

(Christie et al., 1964). However, more recent transmission electron microscopy




(McLaren et al., 1967) of the specimens showed directly that the dislocations
were of a mixed type and that they were commonly associated with mechanically
induced basal Brazil twins. The routine use of these new and powerful tools

in future studies of rock deformation will certainly lead to changés or re-~
finements in determinations of bShe deformational processes and their dependences

on the physical variableq&ummarized below.

PLASTIC DEFORMATION

Quartz

For nearly half a century it has been recognized that quartz deforms
readily in nature as evidenced by the widespread occurrence of extinction bands
commonly oriented subparallel to the c-axis and deformation.lamellae generally
inclined at 10° to 30° to {0001} (subbasal lamellae). The deformation lamellae
are subparallel, planar or lenticular features that are asymmetrical and are more
evident in phase contrast (Fig. 1A) than in bright-field illumination unless they
contain the common minute brownish cavities or inclusions. Experimental plastic
deformation of natural quartz was first achieved in the early 1960's (Carter et al.,
1961, 196k; Christie et al., l96h;AChristie and Greeﬁ, 196k; Griggs and Blacic,
1964) when it was shown that quartz slips easiest on the {0001) planc parallel to
an a-axis at temperatures to ca. 700°C, above which slip on {1010} parallel to ¢,
a, or <c + a> dominates. Basal deformation lamellae, similar in optical properties
to natural lamellae, were shown to be due to photoelastic effects produced by long
range stresses from trapped mixed deslocation arrays (Christie et al., 196k,
McLaren et al., 1967). Bending of the crystal structure from inhomogencous slip
on {0001} gave rise to extinction bands subparallel to c, similar to those in
naturally deformed quartz. Recently, experiments on synthetic quartz crystals
of varying OH and impurity contents have shown that the quartz flows readily at
relatively low stresses and temperatures in the presence of small but critical OH
concentrations (Griggs and Blacic, 1965; Griggs, 1967; McLaren and Retchford,

1969; Baéto, and Ashbee, 1969a,b, 1970a,b).

Subbasal lamellae, identical in both optical properties and crystallo-
graphic orientation to most natural lamellae (Fig. lB,C)’were first produced in
experiments by Heard (1962) and in more extensive recent experiments (Heard and
Carter, 1968; Christie et al., 1968; Ave'lallemant and Carter, 1971). The lamellae
orientations, as functions of pressure and temperature, are shown in Figure 2 and
synoptic histograms showing the basis for division into the various subfields are
given in Figure 3 (Ave'Lallemant and Carter, 197l). TFive fields of lamellac

orientations have been recognized and the boundaries of these fields are rather




strongly dependent on pressure, temperature and strain rate: (1) vasal - a very
large percentage of the lamellae are inclined at less than 6° to {0001}; (2] pris-
matic - many lamellae are aligned at within 10° of the c-axis with a submeximum at
0° to 15° to {0001}; (3) subbasal II - a maximum at 5° to 10° to {0001} with a
submaximum nearly parallel to c; (4) subbasal I - a maximum between 10° and 30°

wilh a submaximum nearly parallel to the‘prisﬁ; and (5) relatively nonselective -
the lamellae form at all orientations. There are gradations between some of these
fields, especially the prismatic-subbasal II fields,and the "relatively nonwselecti§e”
field (not shown) overlaps the subbasal I and II and prismatic fields. A comparison
of these histograms with that for natural lamellae (Fig. 3F) shows that only the
non-rational lamellae of subbasal I orientation are commonly produced by tectonic
deformations. _ '

Figure U4 shows the relative orientations of various subfabric elements in
specimens containing subbasal I lamellae produced experimentally (A, B, C) and
naturally (D, E, F; Carter and Raleigh, 1969). In the experimentally deformed
specimen the lamellae form at angles near but most commonly less than L5° +o Gl
(N-8 arrows). The ¢ axes in the more highly deformed (more profuse lamellae) parts

of individual grains (Fig. 4B) lie closer to 0,, the maximum principal compressive

l:
stress, than those in less deformed parts (open circles) and poles to lamellae

(points of arrows, Fig. 4C) lie nearer o than do the c-axes (ends of arrows).

Similar relative orientations of the sub?abric elements are evident for the natural
tectonite (Fig. 4D, E, F) leading to the interpretation of orientations of principal
stresses shown (solid one percent circles) which are confirmed by analysis of calcite
twins (dashed one percent circles; Carter and Friedman, 1965). Thus, subbasal I
lamellae produced in the experiments are virtually identi¢a1 to those observed in
statically deformed quartz-bearing rocks. ‘ |

In Figure 5 the results of Heard and Carter (1968; T-¢ space) and
Ave'Lallemant and Carter (1971; T-P space) are combined into a three-dimensional
diagram along with a possible continental geothermal gradient (Clark and Ringwood,
1964). At a representative geological strain rate of lo—lh/sec., subbasal T
lamellae should develop under most crustal conditions, as observed. Basal defor-
mation lamellae seem to be common only to quartz-bearing rocks shocked to high
pressures by meteorite or comet impact (Carter, 1968). The natural counterparts
of the remaining orientations produced experimentally have not yet been discovered
in tectonites.

The origin of these non-rational subbasal lamellae is still unknown and

the solution will require extensive studies employing transmission electron micro-

scopy. They may originate by interactions of basal and prismatic dislocations with




recently discovered basal Brazil (McLarcen et al., 196¢) and Dauphine' (wuliis> LOT0)
deformation twins or impurity concentrations(Ave'Lallemant and Carter, 1971) and/or

they may originate by dislocation climb or cross-slip (Christie et al.; 1968).

Olivine

Deformation of olivine has been the subject of recent intensive study because

of the expected dominance of this mineral in the upper mantle and because of the likeli-

hood that flow in the hot upper mantle is primarily responsible for the changing

positions of continents and their first-order structures. Kink bands, such as those _

shown in Figure iD, have been recognized. as indicators of plastic deformation for
some time (e.g., Turner, 1942). More recently, Raleigh (1968) and Raleigh and Kirby
(1970) have shown that most naturally produced kink bands in 011V1ne criginate by
translation gliding parallel to the [100] axis in nearly any plane in the {Okl}zone
(Fig. 6). _That is, the slip system T (slip plane) = {Oki}and t (slip direction) =
{100] (hereafter referred to as {hkl}[uvw] is indicated by rotations of the crystal
structure during inhomogeneous slip (see e.g., Turner et al., 1954; Raleigh, 1968).
Griggs et al. (1960) first deformed olivine experimentally but most of the
work on plastic deformation of olivine has been accomplished by Raleigh (1963;‘1965,
1967, 1968), Raleigh and Kirby (1970) and Carter and Ave'Lallemant (1970). 1In the
recent experiments, deformation lamellae (Fig. 1E), identical to those produced in
quartz, form below about 1000°C and are parallel to the active slip planes({Raleigh,
1968 ). At temperatures above 1000°C, at a strain rate of about 10—5/sec,, these

Jamellae are no longer present. presumably because thermal agitation is sufficient

{£o allow the dislocations to climb (see section on polygonization). Photoelastic

-lamellae are also very rare in tectonites because the long times available for the

climb process does not necessitate the high temperatures required in the laboratory.

Artifical lamellae were, however, produced in the high temperature experiments by
allowing metal particles, induced along grain boundaries before the experiments,
to diffuse along dislocation lines during the experiments (Carter and Ave'lallemant,
1970) thus producing aligned planes of opaqueAparticies parallel to the slip plane
(Fig. 1F). The presence of lamellae in olivine allows a more precise means of
determining the oriéntations of the slip systems as funcfions of the physical
variables than does the measurement of rotations alcne.

The slip systems in experimentally deformed olivine determined in the
manner described above, as functions of temperature and strain rate, are shown in
Figure 7 (Carter and Ave'lallemant, 1970). The systemﬁéhange with increasing
temperature and decreasing strain rate from {110} [001] through {oﬁl} [100] to

(010) [100], the first two of these confirming the earlier results of Raleigh (1968).

The important {0k1}[100] system that predominates in natural deformationihas been
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likened by Raleigh to a pencil glide mechanism in which the plane in the [100]
zone having the highest shearing stress 5ecomes the éctive slip plane.

The boundaries of the slip fields, in addition to being dependent on
temperature and strain rate, appear also to be depehdent on pressure. (Carter
and Ave'Lallémant, 1970) but in a much more systematic way than for quartz.
The synoptic diagram in Figure 8 shows the pressure dependence, determined
experimentally to 20 kb, as well as temperature and strain rate dependence,
extrapolated to higher pressures and lower rates. Included on the diagram is
‘a possible oceanic geotherm (Clark and Ringwood, 196L). At a representative
geological strain rate of about lo—ly/sec. and at low pressures (3-5 kb), {0kl}
[100] slip should take place at temperatures above about 300°C and (010) [100]
slip above about 500°C. These temperatures decrease with increasing pressure
but because of the rapid increase in temperature along the geotherm, processes
involving diffusion, such as polygonization and recrystallization, probably

predominate at greater depths.

_P_ yroxene

Orthopyroxene

Orthopyroxene in tectonites commonly has deformed by kinking (Fig. 94)
due to inhomogeneous slip on the system {100} [001]. However, in many deformation
experiments on enstatite over a pressure range of 5 to 40 kb, temperatures from
27° to 1000°C, the orthopyroxene in deformed zones has transformed to clinopyroxene
(Griggs et al., 1960; Turner et al., 1960; Borg and Handin, 1966; Riecker and Rooney,
1967; Raleigh, 1965, 1967). These studies have shown that the transformation is
sensitive to shearing stresses. The orthoenstatite-clinoenstatite inversion
requires a shear through 13.3 or 18.8° parallel to [001] in the {100} plane;
the transformation is nearly displacive with little or no volume change and
involves breaking only half of the Mg-O bonds and none of the Si-0 bonds (Coe, *

"1970). For this reason, as pointed out by Raleigh et al. (1971) the transformation
should have a lOY energy of activation as compared with translation gliding on
{100}[001] in which the atomic barriers to slip are surmounted by means of thermal
agitation. Therefore, the translation gliding process should be that favored at
the higher temperatures and lower rates of deformation.

Although commonly produced in the deformation experiments, the trans-
formation orthoenstatite-clinoenstatite is extremely rare in naturally deformed
rocks; it has been well documented only in a mylonite from Australia (Trommsdorf
and Venk, 1968). In an attempt to resolve this enigma, Raleigh et al.(1971)
carried out a series of experiments on pyroxenite and lherzolite at temperatures

ranging from 800° to 1L450°C, pressures from 5 to 20 kb, and strain rates from about
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10_2 to 10—7 sec.-l. The results (Fig. 10) indicaté that at a given strain rate

there is a critical temperature above which the enstatite slips instead of
transforming and that the boundary between the two processes is strongly
dependent on both temperature and strain rate. As predicted, the apparent
activation energies for the transformation and slip processes, determined by a
temperature differential creep method, were about 10 and 70 kcal/mole,
respectively (Raleigh et al., 1971).

- In addition to the strong temperature and strain rate dependence of
the transformation, it also appears to be dependent on stress, as observed by
earlier workers. When the stress dependence and activation energies for both
the slip and transformation processes are determined (Raleigh et al. 19719, it'
is possible to predict the boundary in stress, strain rate, and temperature
space. The predicted boundary (dashed line in Figure 11), when projected onto
the strain rate-temperature surface agrees well with the experimentally
determined boundary between the slip and transformation fields. Both the pre-
dicted and experimentally determined boundaries are extrapolated, in Figure
11, to the lower rales expected of natural deformations; the boundaries are
curved and become asymptotic to the -fog € axis at low temperatures, an expected
result for competing rate processes (Raleigh et al., 1971). The extrapolation
indicates that enstatite deformed in tectonites should slip rather than transform
at temperatures above about 500°C. The transformation observed in the mylonite
from Australia might well be attributed to high strain rates and/or stresses and
it is suggested (Raleigh et al., 1971)‘that clinoenstatite may have no true
stability field.

Clinopyroxene

Clinopyroxenesfin tectonites have commonly deformed by mechanical
twinning and they are commonly kinked in zones nearly normal to [001]. The
twin-glide system generally observed is {100}[001] but minor twinning on {001}[100]
soretimes accompanies the dominant system (Fig. 12). Griggs et al. (1960) first
deformed diopside experimentally at 5 kb znd 500°C and found evidence for twin-
gliding on {001}[100] as well as translation gliding on {100}[001]}. In more
extensive experiments on diopside, Raleigh and Talbot (1967) found that twins on
{001} were dominant at the lower temperatures and higher strain rates and that
these gave way to {100} twins and translation gliding (shear in the sense opposite
to twinning) at the higher temperatures and lower rates. The‘temperature Vs,
strain rate fields of the various deformation mechanisms of the clinopyroxenes have

not been adequately delineated by experiments to date.




Plagioclase _ ‘

Plagioclases in tectonically deformed rocks only rarely contain structures
that can be attridbuted unequivocally to mechanical deformation. Seifeft (1965)
found kink bands oriented normal to {010} in naturally deformed plagioclase
(Fig. 9D) and deduced that the kinking originated by translation gliding parallel
to {010}. Mugge and Heide (1931), and later Starkey and Brown (1964), producead
mechanical albite and pericline twins in anorthite experimentally although in
the latter study, most of the twins disappeared upon removal of the load ("elastic
twins"). Laves (1952) also produced "elastic twins" by indentation of high albite.
Borg and Handin (1966) were the first to induce permanent albite twins in
labradorite, at 5 kb confining pressure and 500°C. 1In one crystal, mechanically
induced twinning was restricted to a narrow zone and the resulting external
rotation gave rise 1o a well-defined kink band.

In more recent experiments at 5 to 10 kb éonfining pressure and 25°C to
800°C on plagioclases of various compositions and structural states, Borg and
Heard (1970) have produced twin-gliding, translation gliding on {010} and subbasal
deformation lamellae. Both albite and pericline twinning were produced in

plagioclase of the composition range An (except Anhh) at 800°C and 10 kb;

30795
in parts of crystals where one twin law had operated exclusively, kinking alsc
occurred. Slip on {010} was produced in low albite at 800°C and in peristerite
(Anl3) under a variety of conditions. These crystals were not favorably oriented
for albite twinning and slip appears to have occurred on {010} in the same direction
but opposite sense to that required‘for albite twinning. Irrational subbasal
deformation lamellae, similar to those in quartz, were produced in planes of high
shearing stress at T00-800°C at 10 kb in experiments on crystals of composition
M%T,Mmhamim%T. ‘ .

The yield strengths of the single crystals oriented for twinning are

w

quite high, about 2 kb at 800°C, with the strengths of polycrystalline aggregate
beilng up to three times greater (Borg and Heard, 1970; see also Seifert, 1969).
This may account for the rarity of deformation in plagioclase of tectonites although

some of the albite and pericline twins commonly observed cannot be excluded as

- deformation twins. However, there exists no definitive way of distinguishing

growth twins from deformation twins, and it appears that evidence for deformation
of plagioclase (or lack of it) will shed little light.on the tectonic history of

naturally deformed plagioclase-bearing rocks.




RECOVIRY -

The plastic deformation processes described above, operating alone,
generally lead to work-hardening; that is, the stress required to produce slip
and twinning increases with increasing strain. This is mainly because of: (a)
dislocation interactions and interference of slip dislocations moving on different
slip s&stems (especially intersecting screw dislocations); (b) obstacles to slip
such as impurity atoms, glide polygon boundaries, and grain and subgrain boundaries;
and (c) inhomogeneous slip giving rise to extinctign bands. Work-hardening can
be removed and steady state flow (constant stress and constant strain rate) achieved
by the process of -self-diffusion, which 4is promoted by high temperatures and/or
low strain rates. That is, steady state flow is achieved under conditions at
which the rate of work-hardening is equal to the rate of recovery. DBecause of the
very long relaxation time§évailable in natural deformations, it is expected that
such steady state flow prevails.

One way in which crystals and aggregates can soften and deform by steady

.state flow is by the process of reérystallization, which will be discussed in a

subsequent section. However, it is observed that, at temperatures lower than
those required for recrystallization, crystals and aggregates can soften by one
or several processes collectivelyvtermed recovery. Most 6f these processcs are
poorly understood but they must involve reductions of internal stresses generated
by interactions and intersections of dislocations and their pile-up at barriers.
At high temperatures, grain boundaries can migrate and dislocation loops can
contract and disappear. Edge dislocations may climb, meet dislocations of opposite
sign and annihilate, or they may rearrange into more stable, lower energy
configurations.

The best understood recovery process is thal of polygonization (Cahn,
1951) which has been well documented in such diverse materials as metals, ceramics,
marble (Heard, 1968) and halite (e.g. Amelinckx, 1954; Carter and Heard, 1970).
Edge dislocations of one sign are created by bending the crystal structure (Fig. 13A).
At sufficiently high temperatures or low strain rates, the dislocation lines may
absorb or emit atomié vacancies by diffusion and climb vertically out of their
slip planes. The dislocations may then rearrange into walls that separate
virtually strain free domains having small disorientations (Fig. 13B,D), markedly
reducing the strain energy of the crystal. TFor slip on a single system, the
polygon Dboundaries are nearly normal to the slip vector, but for multiple slip,
interactions between dislocation walls may lead to more irregular orientations
of the boundaries (Fig. 13C; Amelinckx and Strumane, 1960). This diffusion-

controlled process may occur during annealing or it may take place during steady
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state creep.

Polygonization has recently been found in experimentally deformed
quartz (Hobbs, 1968; Green et al., 1970), olivine (Raleigh and Kirby, 1970; Carter
and Ave'Lallemant, 1970) and enstatite (Raleigh et al., 1971) and similar
structures are common in naturally deformed counterparts. Particularly striking
examples of polygonization in experimentally and naturally deformed olivine have
been illustrated by Raleigh and Kirby (1970). The polygohal structure is well-
developed in olivine in a xenolith from ILunar Crater, Nevada (Fig. 1LA) and in
olivine in a lherzolite deformed at a constant stress of 9.5 kb at 1270°C.-and a
strain rate of lO—h/sec. (Fig. 14B). The subgrains in both specimens tend to be
rectangular with the boundaries approximately parallel to (100) and (OO;}. The
disorientations across the boundaries are generally less than 5° as is the case
for polygonization in experimentally deformed quartz (Hobbs, 1968).

Creep experiments on metals and alkali halides have shown that, in general,
the size of subgrains varies inversely with stress (e.g. Sherby and Burke, 1968;
Weertman, 1968, 1970). A similar tendency has been observed by Raleigh and Kirby
(1970) for olivine in lherzolite deformed at constant stress differences of 9.5
and 4.6 kb. The average dimensions of the subgrains, measured parallel to (100)
and (001l), werc plotted on a log-log L vs. u/o diagram (Fig. 15) in accord with
the empirical relation L = Ly u/o found for other materials (Weertman, 1968, 1970)
where L, is a constant and p is the shear modulus. Also plotted on the parallel
lines drawn through the experimentally determined points are the average dimensions
of (100) and (001) of the largér subgrains in olivine in the xenoliths from Lunar
Crater and Hawaiian basalts (Fig. 15). The analysis leads to an estimate of about
1 kb differential stress during polygonizatign of the naturally deformed olivine.
This estimate seems high in view of recent results from experimental steady state
deformation of olivine (Raleigh and Kirby, 1970; Carter and Ave'Lallemant, 1970).
However, the creep experiments were conducted dry and small amounts of lis0, such as
reasonably occur in the upper mantle, should lower the experimental siress for a
given polygon size and lead to lover estimates of the natural stress differences.
When the effect of HQO concentration has been adequately investigated, studies of
polygonization may well provide a powerful means for estimating the stress

differences during natural creep.

RECRYSTALLTZATION

Since the initial development of the field of structural petrology by

Sander (1930) and Schmidt (1925) it has been recognized that minerals in

tectonites commonly have strong preferred orientations and that the fabrics are
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related in symmetry to other subfabric elenents of the deformed rocks. In the
early interpretations, plastic deformation was regarded as the most likely
orienting mechanism for silica and some silicates although, for quariz,
fracturing into crystallographically controlled needles and subsequent
mechanical rotation was postulated. However, there is little evidence to
substantiate these hypotheses and it is becoming increasingly evident that
syntectonic recrystallization (hot-working) is the dominant orienting process.
Syntectonic recrystallization, the growth during deformation of new strain~free
grains with medium to large-angle boundaries is a very efficient orienting or
reorienting process as very strong preferred orientations can be produced under
very small stresses and strains. Furthermore, very large creep strains can be
achieved by recrystallization and/or grain boundary migration (Packer and
Sherby, 1967) as has been demonstrated for a class of ductile metals termed
"superplastic" in which tensile strains greater than 1000% have been produced.
The minimum temperature reguired for recrystallization depends on the nature of
the material, strain energy, strain rate and chemical enviromment; the driving
force appears to be internal strain energy and/or grain or subgraid boundary
energy. Annealing recrystallization, in contrast to syntectonic recrystallization,
occurs under hydrostatic pressure and may alter fabrics produced by other means:
the orientation of the new grains are generally controlled by the orientations
of the host crystals.

Of the various minerals in tectonites, quartz has received most attention
and Sander (1930) showed that the quartz c-axis fabrics form restricted but
overlapping groups of patterns. These fabric types have been reviewed by
Fairbairn (1949) and more recently by Sylvester and Christie (1968) and Green
et al. (1970). The most common fabrics have girdles with maxima normal to the
tectonic b-axis and crossed girdles, with orthorhombic symmetry, nearly
symmetrical to lineations and normals to foliations. Much rarer are small-
circle girdles about the pole to foliation and inclined at 25° to 50° to it
and point maxima fabrics in some granulites in which the c-axes are concentrated
normal to the foliation. Recrystallized olivine also shows strong orientations;
the commonest fabric type has an a = b point maximum normal to a mineral flattening
foliation which contains 8 = ¢ and y = a girdles. Some olivine-bearing
tectonites have lineations resulting from mineral elongations and these are most
commonly parallel to concentrations of y-axes. Other fabric types alsc occur;
for a review, see den Tex (1969) and Ave'lLallemant and Carter (1970). Ortho-
pyroxenes and clinopyroxenes in deformed peridotites also slow preferred

orientations that were probably produced by syntectonic recrystallization.
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Ixperimental syntectonic recrystallization of qgartz aggregates wes
first produced by Carter et al. (196L4) and Raleigh (l965§,and more recently in
the systematic study of Green et al. (1970). Raleigh (1963) first produced
syntectonic recrystallization of olivine and this has since been accomplished
in more extensive experiments by Ave'Lallemant and Carter (1970). The writer has
recently recrystallized both enstatite and diopside under stress in a series of
preliminary experiments. In general, two types of starting material have been

used for most of these recrystallization experiments: (a) coarse-grained natural

aggregates of orthoquartzite, dunite and lherzolite; and (b) very fine-grained

natural aggregates of flint and novaculite or compacted pellets of ground olivine,

enstatite and diopside. 1In the coarse-grained aggregates, recrystallization is
generally preceded by polygonization and by the development of serrate grain
boundaries presumably by their migration. At higher temperatures new nuclel

appear Tirst at grain boundaries and then along kink bands or other regions of

high strain energy in the host crystals (Fig. 14C). Grain boundary recrystallization
advances until the old grain is consumed and is followed by the growth of grains
oriented suitably with respect to the stress, forming a new rock (Fig. 1LD) with
irregular to polygomal, optically homogeneous grains (Ave'lallemant and Carter,
1970).

Coarse-grained quartzite specimens compressed at high temperatures to
high strains (>50%) develop textures analogous to those in quartz mylonites
(Fig. 1LF; Carter et 2l., 196L; Blacic and Griggs, 1965; Tullis, 1968). Ribbons
of fine-grained recrystallized quartz wrap around relict quartz augen flattened
to varying degrees. Studies of the preferred orientations of these augen by
Blacic and Griggs (1965) and Tullis (1968) indicate that the least deformed ones
are oriented with g_l!ol, as expected if slip has occurred primarily on the basal
and prism planes.

Recrystallization. in the fine—grained aggregates is evidenced by
enlargement of grdins; Figure 1LE shows a specimen in which the central
recrystallized section is very coarse-grained by comparison with the starting
material (<37u) at the ends of the specimen. Depending on the conditions of
recrystallization, the new grains may be equant or they may be clongated normal

bl

to 07, as is true for most grains in the: samples sh?Xn in Figures 14 D and E.
The temperature of onset of recrystgllizg€§552322§2géing strain rate and probably
also with increasing strain energy. The presence of Ho0 lowers the temperature

of recrystallization of gquartz (Green et al., 1970) and it increases the rate of

recrystallization and promotes larger grain size in both quartz and olivine,
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presumably by enhancing diffusion (Hobbs, 1968; Green et al., 1970).

Fabrics of the syntectonically recrystallized specimens

Green, Griggs and Christie (1970) recrysvallized flint and novaculite
during deformation in both « and B8 stabllity fields over a wide range of pressure,
temperature and strain rate conditions. The diagrams in Figure 16A-E show only
some of their optically determined c-axis fabrics but they also obtained complete
inverse pole figures for most of their specimens using the x-ray method of Baker
et al. (1969). Figure 17 shows their results for the a-quartz stability field.

At the lower temperatures and higher strain rates at which recrystallization ocecurs,
the grains show weak concentrations of c-axes parallel to oy as well as shape
-elongations normal to oy and they commonly contain features induced by plastic
deformation. At the highest temperatures and lowest strain rates, the c~axes

form a small circle girdle about oy (Fig. 16A) with r {10I1} oriented
preferentially parallel to oj; in these specimens the grains are larger and more
nearly equant and strain free than those formed at the lower temperaturesa As
pointed out by Green et al. (1970), the Dauphine' twinning mechanism discovered

by Tullis (1970) is probably responsible for the parallelism of r and oy and may
have little to do with the recrystallization process responsible for the pattern

of c-axes. There appears to be a smooth transition in fabric, with increasing

0y through a composite gﬂi&al +
z_ficl fabric, to the z.ﬂ oy fabric. Annealing these syntectonically recrystallized

temperature and decreasing strain rate, from c fi

specimens increases the grain size, removes the intragranular strain features and
leads to more equant grain shapes. The annealing caused little change in the
Efmaxi@um Tabric, strengthened the g_;;ol fabric two-fold, and nearly eradicated
the ¢ || o) component of the composite fabric (Green et al., 1970).

Crossed girdle fabries (Fig. 16B) were produced in the r o, field in
two experiments in which inhomogeneous deformation resulted from bulging of one
side of the specimen. From the nature of the bulge, Green Ei.él: (1970) inferred
that the orientation of €3 I 04 was E-W in Fig. -16 B, el‘ﬂ o, was N-S zad €5 % o5
was parallel to the axis of intersection of the girdles. This fabric is nearly
orthorhombic in symmetry and is very‘similar to crossed-girdle fabrics in
naturally recrystallized quartzites. Sylvester and Christie (1968) demonstrated
that, in their‘natural specimens with crossed girdle fabrics, the girdles also
intersected in €5 and were symmetrically disposed to € and €3- Small Circle
girdle fabrics have also been observed in some naturally recrystallized quartzite

specimens (efg. Sander, 1930; Christie and Raleigh, 1959). It appears, therefore,

1k




that the textures and 5']{0 Tabrics produced experimentally in the a~field

have their counterparis in iaturally recrystallized quartz, as is expected from
a linear extrapolation of the boundary separating the g_;gcl from the éomposite
Tfield (I'ig. 17) to the lower rates of natural deformations.

Quartz aggregates fecrystallized in the B-stability field (Green, 1967;
Green et al., 1970) develop porphyroblastic textures and show concentrations of
g-axes both parallel and perpendicular to o) (Fig. 16C,D) as was found previously
by Carter (1963; Fig. 23B). In the fabric illustrated in Figure 16C, most of the
c-aXxes are parallel to 9y vhereas in Figure 16D, they are concentrated both

parallel and perpendicular to ¢ Annealing specimens previously recrystallized

in the B-Tield yields larger moie equant and strain free crystals and to a great
strengthening of the E_{]Ul component of the fabric (Green, 1967). This
observation led to the suggestion by Green §§_gl,(l970) that the point maxima
of c-axes normal to the foliation in some high grade metamorphic rocks might
have originated by recrystallization in the B-stability field.

The origin of the preferred orientations in quartz has been discussed
by Green et al. (1970) in light of four hypotheses advanced on the basis of
extensive recrystallization work on metals: (1) selective growth of grains having
stored relatively less strain energy; (2) selective growth of grains with most
mobile boundaries; (3) selective growth of grains due to elastic anisotropy;
and (L) nucleation of new grains with preferred orientations. The important
.E_[/Ol fabrics do not seem to be consistent with any single hypothesis although

the experimental results to date appear to favor (1) and/or (2). The c || o, fabric

o

in the o-field is consistent with (1) above as crystals with c-axes oriented

subparallel to o, can not slip on the observed basal %pd prismatic systems and

1 )
hence should store less strain energy than crystals éé other orientations. Howecver,
this mechanism is not as likely to produce similar fabrics in.the B-field or the
enormous strengthening during annealing because, apparently, little plastic flow
occurs during these cxperiments. The more likely explanation, according to

Green et al. (1970) is the selective growth of grains with most mobile boundaries.

~This suggestion may be supported by the results of their annealing experiments on

bicrystals oriented so that oy was parallel to ¢ in one ghd at 45° to‘g.in the
other, placed one on top of the other, cold worked, and then annealed in the
B-field. The c-axes of the new grains along the interface showed a strong tendency
to orient parallel to the c-axes of the host crystals (Fig. 16E). However, &

quite different result has been obtained by lobbs (1968) in his extensive annealing,
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5 to 30 kb (Fig. 19) and strain rates from 10~

e bt e e e

The c-axes of the new grains (Fig. 16F) are inclined at 20° to k0° to ¢ of the
host, a relative orientation nearly independent of the type of test or initial
orientation of the host crystal. In addition to this difference, it is not clear

wvhy the ¢ {lo component of the B-fabric is strengthened to the exclusion of

1
the E_J‘Gl component if the annealing stress is truly hydrostatic, unless there
are differences in the amount of strain energy stored in crystals of the two

orientations.

Olivine and Pyroxene

The most common olivine fabric observed in specimens from alpine-type

peridotites and nodules from basalts and kimberlites is as shown in Figure 18

(Ave'Lallemant, 1967). The a = b axes form a strong maximum normal to a

mineral flattening foliation (great circle, Sp) and 8 = ¢ and y = a girdles with
maxima lie in the foliation plane. The preferred orientations of pyroxene
crystals in the peridotites have been determined in only a few studies and, in
general, arc appreciably weaker than the clivine fabrics. This 1s illustrated
in Figure 18B which shows the orientations of enstatite crystals in the same
lherzolite specimen from which the olivine measurements of Figure 184 were
obtained; the principal optic axes of the two minerals are subparallel.
Ave'Lallemant and Carter (1970) recrystallized dunite and olivine
powder during compression tests from 950°C to 1350°C, confining pressures from
3 %o 10‘7/sec. In the dunite, the
orientations of new grains within the olivine host crystals (Fig. 14C) were
clearly dominated by the host orientation, the individual axes being inclined
at 20° to L0° to the host axes. A similar result was obtained previously in
olivine recrystallized by Raleigh (1963) and in the quartz crystals recrystallized
by Hobbs (1968). The orientations of new grains formed at relic grain boundaries
are, however, related to the principal stress orientations (Ave'Lallemant and
Carter, 1970; Fig. 2C). Total recrystallization of the dunite (Fig. 1LD) results
in a strengthening of the stress dominated fabric (Fig. 18C). From these

observations, we concluded that grain boundary recrystallization advances until

" the host grains are consumed, followed by the growth of grains oriented favorably

‘with respect to the stress field.

To eliminate the effects of host grain orientations entirely, Ave'lallemant
and Carter (1970) did a series of experiments on compacted pellets of powdered
(<3Tu) olivine. The conditions for which grain growth was achieved are indicated

in Pigure 19, along with the equilibration fields of some ultramafic suites (0'Hara,
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1967). Many of the samples were sufficiently coarse-grained (Fig. 1LE) that
statistically significant optical measurements could be made and all of these
(Fig. 19) gave fabrics similar to that shown in Figure 18D. As in the re-

crystallized dunite (Fig. 18C) a-axes concentrated parallel to o, are normal to

" a mineral flattening foliation (Figs. 14D and E) which contains B and y girdles.

The underpopulated areas in the girdles of Figures 18D and 18E, at about 45°
from the periphery, are ascribed to sampling errors Inherent in U-stage measurements
of optical indicatrices of fine-grained materials. The fabrics in Figure 18D
are similar to most natural/%%%gigg, as typified by Figure 184, with allowances
made for the fact that the stress in natural deformations need not be axially
symmetric. On the basis of crystal elongations, concentrations of y-axes
parallel to lineations in the natural fabrics are most probably parallel to 63;
this interpretation receives some support from the orientations of the y-axes
near melt pockets in some of the experiments (Aye‘Lalleman?énd Carter, 1970).
Pellets of enstatite and diopside powders have also recrystallized 1o
aggregates somevhat finer-grained, at comparable conditions, than has the olivine
powderéﬁx—c@mﬁaraukomconditions- The single diopside specimen measured to date
yvielded weak orientations that were not reproducible and will not be discussed
further. The results for two enstatite specimens recrystallized at 1000°C,
15 kb confining pressure and a strain rate of 7.8 x 10_7/sec. are similar and
reproducible in fifty grain sets and so are combined and presented in Figure 18E.
As Tor the naturally deformedispecimens, the orientations are weaker than those

es

&
)
:

in olivine Dbut the major features of the patterns are clear; the principal
of the enstatite crystals are subparallel to those of the olivine. This

similarity in olivine and orthopyroxene fabrics is expected if elastic anisotropy
is controlling as o = [010] is the most compliant axis in both minerals (Kumazawa,

1969; Hartmann and den Tex, 1964). TFor fabrics that are not axially symmetric,

Y

=
U
=
D

presumably produced under conditions in which the three principal stresses
) s

es
unequal, the crystallographic axes should be similarly oriented but B(ol nhould
parallel y(opx) and vice versa. Such a correspondence is evident in the fabrics
from the Alpe Arami garnet peridotite (Mockel, 1969). However, some of the
orthopyroxene fabrics observed by Collee' (1962), Raleigh (1965), and Ave'Lallemant

(1967) in naturally deformed peridotites do not appear to fit this simple scheme.

ate

- S . 3 o L
strain/Ti1élds of recrystallization of the pyroxenes. It is clear, however, that

higher temperatures and/or lower strain rates are required than for recrystallization

N

of the olivine. In most of the experiments on lherzolite, under appropria

conditions, the olivine recrystallizes readily but both orthopyroxenes and

.
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clinopyroxenes are unaffected, deform plastically, or polygonize. Thus, in some
instances, the discordant results found "in olivine and orthopyroxene fabrics
could be éccounted for if the olivine recrystallized later than the orthopyroxene
at lower temperatures in a differently oriented stress field, as suggested
previously by Helmstaedt and Anderson (1969). Alternatively, other factors, such
as those discussed by Green el al. (1970) for quartz recrystallization, could

control the orientations.

DISCUSSION

The foregoing provides a summary of relevant information on static
deformational processes in silica and certain silicates; we may now compare
these results with the major features observed in dynamically deformed materials.
In recent years, intensive studies have been made of deformational features in
silica and silicates shocked experimentally, by chemical and nuclear underground
explosions, and by natural impact events. The strain rates range from about
106 to lOg/sec. and the peak shock pressures and residual temperatures vary a
great deal with the structure and nature of the material as well as the shock
intensity. Because of the very high strain rates, steady-stéte flow can scarcely
be achieved and we might expect appreciable differences in deformation mechanisms
from those found for tectonic deformations. Recovery and recrystallization

should occur only during cooling under hydrostatic or zero stress, after the

. . , s . [ A
passage of the shock wave, in materials shocked sufficiently intenseijthat the

residual temperatures were high.
Most is known about dynamic deformational processes in gquartz and
plagioclase because of their nearly ubigitous occurrence at natural impact sites.

The two minerals show very similar features during progressive shock deformation

-

(e.g. Chao, 1968): (1) fracturing and cleavage formation; (2) crystallographically
controlled faults and basal deformation lamellae in guartz and mechanical twins,
deformation lamellae and kink bands in plagioclase; (3) multiple sets of planar
features or "shock lamellae"; (L) solid state vitrification to dense glass which,
for shocked quartz, may contain coesite snd/or stishovite; and, (5) formation

from a liquid of glass with normal density or vesiculated glass. ZExtension
ractures are common in statically deformed quartz dbut cleavages and

rystallographic faults are rare. Deformation lamellae parallel to {0001},

0

although common in moderately shocked quartz, are rare in tectonites; the few

that are nearly bvasal (Fig. 3F) in tectonites also possess the wavy or lenticular,

e

<

%

irregular shape of subbasal lamellae, in contrast to the thin, very straigh

planar basal lamellae observed in shocked guartz and some static experiments

92}

(Carter, 1965). Planar features or "shock lamellae" in quartz are most commonly
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parallel to {1013} and are composcd of material having short range order (Chao,
1968 Engelhardt et al., 1968) along which small shearing displacements have

b — 3 ? < o
taken place (Carter, 1968). They have been produced experimentally at shock

Los

pressures in ecxcess of 100 kb (HSrz, 1968). These features are easily distinguished
from deformation lamellae in quartz tectonites by their strong prominencei%righo
field.illumination and symmetrical signal in phase contrast, by their greater
thickness and more planar form, by their general occurrence in multiple sets, and
by their erystallographic orientation (Carter, 1965, 1968).

Plagioclase, as mentioned above, has rarely deformed in tectonites, unless

some of the albite and pericline twins are due to mechanical deformation.

Robertson et al., 1968, Chao, 1968). The deformation lamellae and planar features
are parallel to several crystal planes of low indices and hence differ from the
irrational subbasal lamellae produced in the static experiments of Borg and Heard

s

(1970). The statically produced plagioclase deformation lamellae also have the

optical properties of subbasal quartz lamellae and therefore are easily distinguished

from the planar features. Finally, kinking in the shocked plagioclase‘ﬁakes place

by translation gliding on the {001} plane (Bunch, 1968) as opposed to the {010}

plane found for statically deformed plagiociase (Seifert, 1965; Borg and Heard, 1970).
Observations on dynamic deformation of olivines and pyroxenes are

restricted to experiments, artificial explosions, stony meteorites and, now,

lunar materials, as natural impact events on Earth have not yet been discovered

in rocks containing these minerals. Dynamically deformed olivine shows the

following features with increasing shock intensity (Carter et al., 1968; James,

1969): (1) fracturing; (2) fracturing and faulting associated with local

undulatory extinction; (3) planar features and a shock mosaic structure; (L)

recrystallization and local mosaic structure; and, (5) melting. The undulatory

extinction'obseryed in olivines in the chondrites has originated predominantly

by slip on the systems {100}, {110}, [001], the high strain rate (high stress) -

low temperature system found in the static experiments (Carter et al., 19G8).
Planar features oriented near {100} and {111} are found in olivine from the
Nevada Test site basalts and have also been observed in olivine shocked
experimentally to pressures greater than 250 kb by DeCarli (James, 1969).
These features are associated with the mosaic structure believed to form from
intense local plastic deformation accompanying partial collapse of the silica

tetrahedra to six-fold coordination (Carter et al., 1968); there is no static
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counterpart to either the planar fealures or shock mosailc structure. At
sufficiently high shock pressures, the heavily deformed olivine crystals anneal
to mosaics of small new grains, free of strain.

With progressive shock deformation, the sequence of structures developed

in the pyroxenes are similar to those observed in olivine (James, 1969) but

higher stress levels appear to be required for their formation (Carter et al.,

1968). 1In addition to the features described above, shocked clinopyroxenes
commonly contain polysynthetic deformation twins according to the system {001}[10

Twins of this orientation have been produced in static tests on diopside at high

ot
s

strain rate, high stress and low temperature (Raleigh and Talbot, 1967),

-

‘\’D\J

experimental shock deformation of particulate diopside aﬁ 250 kb (Sclar, 1

N

9707,
69)

and in shocked lunar pjroxenes. The dominant twin-gliding system In ftectonically

in weakly to moderately shocked basalt from the Nevada Test site (James, 1

deformed clinopyroxenes and in static experiments at high temperatures and low
strain rates is {100}[001] (Raleigh and Talbot, 1967).

Relatively little work has been done on dynamic deformational processes
in the orthopyroxenes but they might be expected to show the major features
assoclated with progressive shock of oli&ines and clinopyroxenes. On the basis

1te

cF

of the static experiments (Fig. 10), enstatite should transform to clinocenstco
at”low to moderate shock pressures. Kink bands and lamellae of clincenstatite

are commonly observed in the enstatite of chrondritic meteorites (Raleigh, 1967)

"and they are believed to have formed by shock deformation. As mentioned above,

the enstatite-clinocenstatite transformation has been observed in only one
tectonite, a mylonite in which strain rates and stresses might well have been
high.

- The brief comparisons given above indicate that, in general, there shoul
be little difficulty in distinguishing between static and dynamic deformations
in silica and silicates, on the basis of the deformational features produced.
There is, as we have seen, some overlap in the dynamic mechanisms and those found
in static tests at high strain rates and stresses, and low temperatures, but this
overlap virtually disappears when comparing shock-induced structures with those
produced in tectonic deformations. Further.delineations in T-P-€ space of the
various slip fields, such as the {001} vs. {100} twin-gliding fields for clino-
pyroxenes, will certainly improve the confidence of our interpretations. More
important, however, is to acquire information on the deformational behavior and
processes in silicates deformed in the strain-rate range 1 to 106/ sec; very litvtle

relevant work has been done in this range to date.
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This paper has necessarily emphasized the deformational processes in
statically deformed silica and certain silicates, but progress has also been made
in understanding their mechanical behavior. Particularly important were the
discoveries that small amounts of HQO in silica and silicates may produce a
drastic mechanical weakéning (Griggs and Blacic, 1965; Griggs, 1967) and that
dehydration of serpentine (Raleigh and Paterson, 1965) leads to brittle behavior
accompanied by a large reduction in strength. According to the hypothesis of
Griggs and Blacic (1965) and Griggs (1967) the water-weakening in silica and
silicates results from hydrolyzing S5i-0-Si bridges adjacent to dislocations so

that the dislocations can sweep easily by hydrogen bond exchange. Recovery rates

and grain boundary migration are also enhanced as the hydrolysis reduces barriers
to the climb of dislocations (Green et al., 1970; Hobbs, 1968).
The transition from ductile ?o brittle behavior (because of the high
pore pressure induced) during dehydration of serpentinite certainly provides
a likely mechanism for the generation of shallow-focus earthquakes associaled
with Benioéé zones (Raleigh and Paterson, 1965). Other dehydration reactions invelving
talc and amphibole (Ho0 is released in the temperature interval 800°C to 1100°C)
extend .the depth to which elastic strain energy may by released by faulting
(Raleigh and Lee, 1969). A similar mechanical weakening during dehydration of
gypsum, the abnormally high fluid pressures encountered during drilling
evaporite sequences, and the common occurrence of gypsum/anhydrite at the sole

T

of major thrust faults (Heard and Rubey, 1966) all provide support for the
Hubbert-Rubey (1959) and Rubey-Hubbert (1959) hypothesis for the mechanics of
overthrust faulting.

As a final example, it has been found recently (independently and nearly
simultaneously), in Griggs' (Post, 1970), Raleigh's (Raleigh and Kirby, 1970),
and the writer's (Carter and Ave'lallemant, 1970) laboratories, that steady state
deforfiation of dunite and peridotite is governed by a power lav of the form
€ = A o exp (-Q/RT). TFor dunite deformed in the absence of externally relecased

8

HQO, empirical evaluations of the constant A (lO - lOlO), the stress exponent

n (k-6), and the creep activation energy Q (90 to 120 Kcal/mole) allow estimates
to be made of stresses and equivalent viscosities in the upper mantle. Depending
on the geotherm chosen, the stresses at a strain rate of lO_lh/sec. range from
about 1 to 100 bars in the depth interval 75 to 400 kﬁ and the viscosities range
from 1020 to 1022 poise. The viscosity is minimum at about 200 kn and increases
slowly below that depth, in contrast to the very rapid increase calculated on the

assumption linearly viscous behavior. These new observations require modifications

21




to be made of theoretical attempts to model large-scale motions in the Earth's
mantle.
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CAPTIONS FOR FIGURES

Microstructures induced by plastic deformation. Scale lines are in millimeters.

A. Deformation lamellae (N-S linear features) in Orocopis quartzite; phase contrast
illumination. Note sharp asymmetric nature of lamellae.

B,C. Deformation lamellae (N-W-trending linear features) in bright field (B)
and phase contrast (C) in experimentally deformed crystal. The lamellae are
normal to a zone of undulatory extinction.

D. Kink bands (N-S bands) parallel to (100) in naturally deformed olivine.

E. Deformation lamellae (N-S linear features) normal to zones of undulatory

extinction in experimentally deformed olivine.

- F. Decorated lamellae (N-E-trending linear feabures) consisting of particles of

N g s e e

Mg which have diffused along dislocation lines in (010) plane during experiment.
Orientations of quartz deformation lamellae produced experimentally in Canyon

-1

Creek quartzite al a constant strain rate of 7.8 x 10"6sec. as functions of

temperature and pressure (Ave'Lallemanu and Carter (l9ég)

Histograms showing the angle between the c~axis and poles to lamellae providing
the basis for subdivision into the various lamellze fields of Figure 7. The
subbasal I lamellae orientations (d; combined results of Heard and Carter, 1968
and Ave'Lallemant and Carter, 1971) are most nearly similar to those of natural
lamellae (f; Carter and Friedman, 1965).

Orientations of various subfabric elements in experimentally (a,b,c; Heard and
Carter, 1968) and naturally (d,e,f; Carter and Friedman, 1965) deformecd cuartzite
(Carter and Raleigh, 1969). N-S arrows in a,b,c show orientation of oy (

and dashed small circles are at 45° to 01. Dashed lines and circles in e and I
show stress orientations deduced from calcite twins. Lower hemisphere, equal
area projections.

A,D. Poles to 128 sets of lamellae in experimentally deformed specimen; contours
at 7,5,3,1 percent per 1 percent area (A). Poles to 89 sets of lamellae in
naturally deformed quartzite; ﬂ%ntours at 6.7, 4.5, 2.2 and 1.1 percent per

1 percent arca (D).

B,E. c-axes in more (solid circles; c¢;) and less (open circles; co) deformed
parts of individual grains.

C,F. Poles to lamellae (points of arrows) and c-axes (ends of arrows) in grains

containing lamellae.




10,

11.

S — y JES -

Three~dimensional diagram showing quartz lamellae orientations in T-T-¢ space
and extrapolated to lower rates expected of natural deformations (Ave'lLallemant
and Carter, 1971). T-¢ results are from Heard and Carter (1968) and P-T results
are from Ave'lLallemant and Carter (1971). The possible continental geotherm

is from Clark and Ringwood (1964).

Poles to slip planes determined from external rotations in kink bands of naturally

deformed olivine (Raleigh and Kirby, 1970). The slip system is {0k1}[100].

Slip systems in experimentally deformed olivine aggregates as functions of
temperature and strain rate as deduced from lamellae orientations and external

rotations (Carter and Ave'lallemant, 1970).

Three-dimensional diagram showing variations in slip systems in olivine in
P-T-¢ space constructed from data of Carter and Ave'Lallemant (1970) and
extrapolated tc higher pressures and lower strain rates. The oceanic geothern

is from Clark and Ringwood (196L).

Microstructures induced by plastic deformation. Scale lines are in the millimeters.

A. Naturally deformed enstatite kinked on {lOO}[OOl]; (100) exsolution lamellae
are normal to kink boundaries.

B. Experimentally kinked ¢nstatite. Light bands have transformed to clincenstatite
as have light lamellae in dark enstatite bands (photo courtesy of S.H. Kirby).
Thin, light N-S trending bands are {100} twin bands in diopside.

D. Kink bands in naturally deformed plagioclase produced by slip on {010}

(seifert, 1965).

Temperatures and strain rates at which enstatite transforms to clinocenstatite
and at which the enstatite deforms by kinking due to slip om {100}[001] and
polygonizes (Raleigh et al., 1971). The dashed boundary is that estimated for
1/8" samples for which the temperature distribution is less well known by

comparison with 1/L" samples (solid lines).

Extrapelation to lower strain rates of boundary separating enstatite transformation
vs. slip fields. The dashed line is the predicted boundary based on measurements
of the flow law paraméters for each process, projected in T-g space (Raleiph

et al., 1971). | |




13. Projection normal to [01C] of the diopside structure showing the twinning elements

(Raleigh and Talbot, 1967).

1¥. Sketch of the polygonization process. ‘

A. Edge dislocations of like sign are created by bending.

B. 'The dislocations have climbed vertically and have formed walls normal to their
Burgers vectors. Few dislocations remain between walls and hence slip plane
straightens. / '

C. An irregular wall Tormed by interaction of  two mutuaily perpendicular walls
(Amelinckx and Strumane, 1960).

D. Distortion of crystal structure of dislocatibn walls and relation between
spacing (k) and misorientation (0); b is the Burgers vector (Readw 1953).

15. Photomicnﬁgraphs cf recovery and recrystallizatgégidaéﬁale lines are in millimeters.

’ A,B. Polygonization in naturally deformed olivine in xenolith from Lunar Crater
| (A) and olivine experimentally deformed at 950°C, & = 10—6/sec. and a constant

stress of 9.5 kb (Raleigh and Kirby, 1970). Individual polygons are disoriented
by less than 5° and are nearly rectangular with edges parallel to (100) and (00L).

C. Intragranular and grain boundary recrystallization in experimentally deformed
dunite (Ave'Lallemant and Carter, 1970).

D. Total recrystallization of experimentally deformed dunite forming a new rock

. with strain free grains (Ave'lLallemant and Carter, 1970). Note general
elongation of grains in N—S direction, normal to oj.

E. Recrystallized pellet of ground (<37u) dunite powder (Ave'Lallemant and Carter,
1970). Original grainsize is seen near Fast and West ends of specimen. DNote
flattening of grains normal to 03 which was oriented E-W.

F. Experimentally produced '"mylonite" in highly éompresseééggzgtzite specimen

(Carter et al., 196k).

(2]

16. Diagrem showing relation between polygon diameter (L) and p/o in olivine for
specimens deformed at a constant stress of 9.5 kb (N-27) and 4.6 kv (W-Ll) (Raleigh
and Kirby, 1970). The larger sizes of polygons of naturally polygonized olivine
in xenoliths from Hawaii and Lunar Crater lead to the stress estimates shown

in the upper part of diagram.

N

Optically determined c-axis fabrics of syntectonically recrystallized quarﬁz
aggregates (A-D; Green et al., 1970{’cold—worked and annealed bicrystal (E;
Green et al., 1970) and cold-worked and annealed single crystal (F; Hobbs,

1968). oy is oriented N-S in all diagrams. Lower hemisphere, equal area projections.




D

o

A.

D.

.

%

¢c—-axes in 516 grains recrystallized in a-stability field in r | gy subfield
(see Pig. 18). Contours: 4,3,2,1 percent per one percent area.

c-axes in 597 grains recrystallized in a-stability field in r jl oy subfield
(Fig. 18). Crossed-girdle fabric with ep ilop i intersection of girdles.
Contours: 2.5,2,1 percent per one percent area.

c-axes in 500 grains recrystallized in the B-stability field showing ¢ j/ 9
fabric. Contours: 4,2,1 percent per one percent area.

¢~axes in 300 grains recrystallized in the B-stability field showing composite
c [l 01 and g_JLcl fabric. Contours: 6,4,2,1 percent per one percenﬁ area.
c-axes in 100 grains recrystallized along interface between crystals compressed
parallel to c (open square) and at 45° to ¢ (solid square). The crystals

were cold-worked and then anneaied in the B—stability field. Contours: 5.3,1
percent per one percent area.

Natural crystal compressed .. r{10I1} (c-axis indicated by solid square) at 520°C
and then annealed at 1280°C. c-axes in 210 new grains. Contours: 13,9,5,1

percent per one percent area.

18?7Types of c¢c-axis fabric observed by syntectonic recrystallization in a-stability

field as functions of temperature and strain rate (Green et al., 1970).

v ¢
19. Fabrics of naturally (A,B) and experimentally (B,D,B) recrystallized olivine

(A
01

g2
A.

,C,D) and enstatite (B,E). Great circles in A,B show orientation of foliation.
is oriented N-S in C,D,E with a mineral flattening foliation parallel to '
. e e nls o
. . . . PP N Ve e "
- o3 plane (E-W). Lower hemisphere, equal area projections; G en e pirint
gue porcent e

200 sets of principal indicatrix axes of olivine from lherzolite in Pyreneces

(Ave'Lallemant, 1967). Contours—ai—intervals—of—one—perceni—per—one-percent—area.
> A&

. 100 sets of principal indicatrix axes of enstatite in same specimen as A,

Contours—at—intervals—of-one-percent-per.one.-percent-.area.

100 sets of principal indicatrix axes of olivine in Mt. Burnet specimen

(Fig. 15D) totally recrystallized syntectonically at 1100°C, 15 kb, 10"6/5e05
in presence of Hy0 (Ave'Lallemant and Carter, 1970). Contours—et—intervals—
of—one-pereent—per—one—percent—area.

350 sets of principal indicatrix axes of olivine in powder syntectonically
recrystallized at 1100°C, 13 kb, 7.8 x 10~ /sec. (Ave'Lallemant and Carter,
1970). Contours—at—intervals—of-one-percent—per—one—percent—area.

250 sets of principal indicatrix axes of enstatite in powder syn
recrystallized at 1000°C, 15 kb, 7.8 x 10—7/sec. Contours—at—intervals—of

gne-percent--per—one-percent-area.




/< 4
20. The P-T conditions of experimental syntectonic recrystallization experiments
on olivine including relative grain growth (Ave'Lallemant and Carter, 1970) angd

equilibration fields of various ultramafic suites and peridotite solidus
(O'Hara, 1967).

T et g m e et




IT——— S NN N
i
i i
4
i : 4
“ A
N i ;
. i
b
i
i
G . S sniiionbin G s . i

[ I

g
l.o

y e
-~ -
;
i N
I
b .
s ssisitositas usmsiin” . comiabboo i i O

" e

i N gisissasion e G,




(@) einssasd Buiuiuod

02 G| ol ,
. ! . : 00

© 0O 005

1vsve
, .\u\‘&.&“&i\“ﬂﬁ.
O _O-—"1 {009
—
N —
- D Y 1004
) == HJQQOmnmw
/ SV
(8561) 40140) 3 DIDBH W04} BID SB[2I1) 5§9JWM® mmx 1008
P =
9A1}09]95-Uou "[a1 | ) ) m /V\ ﬂ% ..
oOmwio_w .......................... OIUEw_LQ m 1 11 ” ) K m \\ n.m
. B H ¥ : $ ;
00”!-0@— ....................... H —Umoﬁﬁjw m ”o . v”\@ ®”“ w i Oom
um— lcw ------------------------ m —DWOQDWJM[H E i m ” 0“ \" mm
0@ !.oo ............................... _OmOQ W .J@mv.mm\dm ) m \m @
9D][9WD] UOIIDWIOLEP \/ M_ooow It l
o Rl # ¢ 000!
| 095 01%8°L =3 I S1LYHISING
ALIZ718VN0 Y3340 NOANYD w
i 0011

dinjoiadwa]

(3e)



40

30~

20

BASAL

336 sets of lamellae

PRISMATIC

437 sets of lgamellge

— 304 [ .
c | SUBBASAL IO SUBBASAL T
o [095 sets of lamelige 1554 sets of lamellge
T 20 - |
Q.
_ |
2 0=
O
=
o
N
L O~
e.
REL. NONSELECTIVE NATURAL LAMELLAE
20 - 403 sets of lamellae 3835 sets from seven sources
(O
| |
L
O ~ i == i {
30 60 =16 30 &0

Angle between {O00I} and lamellae






800°

600°

400°

200°

I

565w
.....

.....

!

!

600°

400°

200°




= [001]

SONIMNOA « *"11SI SS3IUAAD o
JdAL 3INIAdTV

} = [00]]

[IYMYH

b= [001]

hood oaie 4 08 3

[010] 228 e8- e nk oS
UMSVIV * AVE NOINN

S3111.0d1d3d

}=[001]

® s

@

86%&%f@3&w s

[100]
AIN P HILYHD HYNNT
SHLITTONGX




pman
—

IVINI

2
4

oLt

IN

PREDOMINANT SLIP MECHANISMS

CONFINING PRESSURE ~ 15 Kb

- n./ﬂ, =temy
Mu < O

o!

100

Q

o s o |
L ¥ (2o |
CHTEIELIAED) f ics
G2yl - o 7% -
CE LW i HoE

00/

00!

Lo
=
P
¥
&
i

(2-01% 00) FUNLVHILNEL

-log €



2 boj-

N N

AN

[ool]o10)

T2 21D4 UIDMS

i 4 pu

X5 %) Y Y Y U YRy m 2
{D0I00J020 SAIIDIUDSSMUBY

[100]{on}

~
“~ o] {ro™

AN

N

JoL
ANIAITO 40 NOILVNEO430 O11LSVid




!

g S

T o e

%

s,

e,

e




. 1600

T i IHIIIII ] lllllll! T llllllll T illll;l[ [
B Pyroxenite /A Remains enstatite |
‘» Transforms to
(En70~75) A clinoenstatife P
1500 . _ . confining
Lherzolite O Remains enstatife pressure
Transforms to =15 kb.
o
L (Engs-g0) clinoenstatite B
confining
@ ’l’lr.cnsforltmts_1L to pressure
1400 — clinoenstatite =5kb.
. @ Estimated boundary} confining
pressure
L =5-20kb. _|
1300}— , _ —
o Orthoenstatite  slips
[+] .
_ and Polygonizes _
2
E 1200 . —
2
o L -
jo%
=
®
= 100 ]
1000 — a
Orthoenstatite  transforms \\
_ to  Clinoenstatite N 3
\ hY
<
800 % -
L I -
800+ GTH @ .
I
TER N S| TR S T I B [ IEENE I TR RN i
2 3 4 4 5 6 7
-log € , sec™

wlz-/ R
St f & i -




14060

i i i T l T i
1300+ 7
1200F -
B Orthoenstatite )
1100- Slips and Polygonizes
O 1000 ]
. i -
.
~ 900- N
o
S
o i -
[
&
@ 800 ]
-
700} B
i Orthoenstatite "
600~ Transforms f{o
Clinoenstatite
500 NG
400 ] 1 | i 1 ] ! I 1 !
2 4 6 ) 10 i2 4
-log €







4@ I S i,
R s e
S— S— 1
- S SR RS S
- _— -
. S—
— S
/ S SN S
S T .
P . S
m el ]
S W TS B ey paa S P, 5
‘ll&\nulx’uui\xu\llr'\lll‘x!lv\ﬁ!u\ill\i
i‘lu‘\‘l\!‘hi’n‘\g“‘!l\‘iil“l‘l‘\ﬁ

T



R P

i

i e

2

b

i

or
[

o
!

i/
et
s ¥
AN

Sqr R

,4
r
i,

j.

ety R

INUl= R S

RO ————
T T oy ST
’ ST e T e .

S Ry

ey

TR




7 ORI
R i AR i -
— ﬁ —

,‘mm
] o § gmm -
s 8 b oz .
== M %&3 \@Jz {};\gj 1\;) waapel
- -
o
wm
[ e

s

Lrsenseeod

]

L D

- ©
Lot
L
@y
L
e
s
Lo

[[entannag

D

| O







[
i3

S“HIVY NIVYLS 9071 -

2 9 G 1%

S «w _ — - e— _ ﬁv O \W Ve

UOLIDZI|[DIs 4100y O} -1 008

H

009

-1 004

-1 008

o,

o Tpup s
apsodwio) ~._ 71006







(°C)

ATURE

R

can

TEMPE

1500

1000

7
o

- . O Excelient grcin growin

| | ® Good ! !

- | O Poor ! )

Carnel < Dry run

~ \ 3¢ Mt Burnet  dunite
5CC : § i i ; s

C 10 20 50 40

O
O
=
!
:7
prd
)
- )
A
iy
w
wn
o
py
M
=
S

)
o s et e
T e gy [



