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Figure 47. Polished slab o£ ultramylonite showing 

well developed tails on £eldapar augen. P35a. 
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CHAPTER 5 

STRESS~ STRAIN AND METAMORPHISM 

THEORY AND APPLICATION OF PALEOPIEZOMETERS 

Introduction 

When ~ rock undergoes de£orm~tion and metamorphism the 

crystal system within the rock will change in an attempt to 

re-equilibrate with its thermodynamic environment. 

Equilibration may occur through breakdown and 

recrystallization o£ pre-existing minerals to £arm new 

minerals~ through grain growth <static annealing) or through 

grain si2e reduction <dynamic recrystallization>. 

Experimental studies of crystal systems subJected to varying 

temperatures and pressures have shown that the_equilibrium or 

steady state grain si2e can be directly related to the 
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differenti~l stress under which the system was deformed. 

The mechanism which playa a maJor role in 

recryst~lliz~tion is disloc~tion creep. The boundary of ~ 

grain can be considered a continuous sur£ace o£ dislocations. 

Dislocations are also £ound within crystals in subgrain 

boundaries, in de£ormation lamellae and in isolated point or 

line de£ects. By means o£ experimental calibration the 

density o£ dislocations, subgrain size, recrystallized grain 

size and lamellae spacing can be used to determine the £low 

stresses that were acting at the time o£ recrystallization. 

Energy Controls 

Energy is stored in the bonds within crystals. Lowering 

the number o£ vacant electron sites in the outer orbitals o£ 

the atoms within the crystal through bonding, increases the 

stablity o£ the crystal. All crystals have boundaries in 

which there are necessarily vacant electron sites. The total 

number o£ vacant sites per unit volume will have an energy 

proportional to that o£ its thermodynamic environment. I£ 

vacant sites exist within the crystal, the boundary need not 

possess the total energy per unit volume necessary £or 

equilibrium. In a high energy (high stress> environment more 

vacant sites are required per unit volume to attain 

thermodyn~mic equilibrium. The maJority of vacant electron 

sites are located in the grain boundary. Since sur£ace area 
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varies as d2 and volume varies as d3, small grains can 

possess much more energy per unit volume than large grains. 

Based on this there should theoretically be a stable or 

steady state grain size £or any given stress state. 

When a rock changes £rom one stress state to another, 

re-equilibration will occur i£ the temperature is high enough 

to overcome kinetic barriers. The higher the temperature, the 

more rapidly equilibration will occur. This process takes 

place through the creation or removal o£ dislocations leading 

to recrystallization. 

Di££u•ion o£ Point Oe£acta 

The rate of di£fusion of any type o£ crystal defect is 

dependent on a number of £actors. 

1) Di££usion rate is directly proportional to 

temperature.There is a minimum temper~ture <excit~tion 

energy> necessary be£oreany di££usion can proceed. Once this 

temperature is reached, increasing the temperature enhances 

the rate o£ di££uaion. 

2> Increasing the concentration of point defects generally 

increases the rate o£ di££usion by creating a pertubation in 

the crystal's electric £ie1d where de£ects are concentrated. 

Through the di££us1on o£ these de£ects the crystal attempts 

to decrease the severity o£ this perturbation. 

3) Increasing pressure inhibits the diffusion of dislocations 
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by introducing a volume constriction on the system. Under 

conditions of high pressure, more energy is required to make 

the necessary adJustments to the crystal lattice and allow 

£or defect migration. Under such conditions, it appears that 

it would be energetically more £avorable to concentrate the 

de£ects on crystal boundaries, end allow straining to proceed 

through grain boundary sliding. 

It can there£ore be seen that the strain rate o£ a 

mineral is in£luenced by the thermodynamic enviroAment in 

which it exists by a££ecting both the di££usion rate and the 

concentration o£ dislocations. 

Derivation o£ the Palaopiezometer 

Based on the arguments presented it should be possible, 

in principle, to in£er the di££erential stress £rom: 

1> dislocation density 

2> subgrain size 

3> recrystallized grain size 

4) de£ormation lamellae spacing 

Twiss <1977) has presented the derivation o£ such a 

relationship for subgrain size and recrystallized grain size. 

By combining theoretical controls with experimental results, 

a quantitative relationship has been determined. Some o£ the 

assumptions that he has used are that: 

1) the formation o£ subgrains and recrystallized grains 
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is ~n energetic~lly f~vor~ble process. 

2> the energy stored in the subgr~in ~nd recryst~llized 

grain boundaries is equivalent to the steady state 

dislocation density £or a given stress state. This means that 

a unique grain dimension (d) exists far any given stress 

state. 

3> the smallest stable grain size is the one that 

develops, ie. ~ newly recryst~llized grain will contain no 

internal dislocations. 

For ~ more det~iled discussion of the deriv~tion and its 

inherent assumptions re£er to Twiss (1977). Similar 

derivations to this have been carried out by various authors 

and the resultant paleopiezometers £or quartz are listed in 

table 4. 

Limitations 

There ~re cert~in limitations which must be taken into 

consideration when using a paleopiezometer such as those 

listed in table ~. These equations assume that the grain size 

measured is the equilibrium grain size for the desired stress 

state, but this is not always the case. 

An underestim~te in stress results if grain growth during 

dynamic recrystallization is not taken into consideration. If 

the smallest possible recrystallized grain is the one that 

forma, it fallows that a grain will not recrystallize until 
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it h~s re~ched two times this size. The mean grain size 

measured will be between d and 2d. I£ annealing has proceeded 

pest 2d and the di££erential stress is only maintained £or a 

short period o£ time, the mean grain size measured will be a 

larger multiple o£ d. I£ the temperature is maintained a£ter 

the stress has been relaxed, static annealing will proceed, 

thus increasing the grain size. Since annealing occurs most 

rapidly in crystals having a high dislocation density or 

small grain size, those textures resulting £rom high stress 

are the least likely to be preserved. Unless the system has 

been quenched in some way either during or immediately 

following the relaxation o£ the stress field, the grain size 

measured will be larger than the steady state grain size and 

use o£ this grain size results in en und~restimate o£ the 

di££erential stress. 

There are also circumstances which may result in an 

overestimate of the differential stress. Such would be the 

case i£ the initial grain size were small and the applied 

stress level was low enough that an unreasonable length a£ 

time would be necessary to allow the grain size to 

re-equilibrate. The same result occurs if grain growth or 

recrystallization is inhibited by neighboring minerals o£ a 

di££erent composition <Twiss, 1977>. Because o£ these 

limitations it is necessary to determine i£ the observed 

grain size has resulted £rom an increase or decrease o£ the 
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origin~l grain size. 

P~leopiezometers appear to be most useful when ~pplied to 

the recrystallization associated with maJor thrust £aults. I£ 

thrusting has occurred at, or proceeded to, a high crustal 

level, there is a good chance that the steady state grain 

size has been preserved, since temperatures could not be 

maintained at this level. Results £rom several studies 

<Twiss, 1977; Weathers !~_!!, 1979; Kohlstedt & Weathers, 

1980; Ord & Christie. 1984> of mylonites from maJGr thrust 

belts indicate that the di££erential stresses involved in 

thrusting range £rom 200 to 2000 bars, with average values o£ 

~1000 bars. 

Di£ferentia1 stress values based on the recrystallized 

grain size o£ quartz have been determined £or this area 

<Table 5>. Calculations were done using the calibration o£ 

Christie et al. <1980>. Two conclusions can be drawn £rom 

these values: 1> The di££erentia1 stress decreases across the 

area £rom northwest to southeast and 2> maximum values £or 

di££erential stress are much higher than those normally 

calculated £or maJor thrust belts. Median values, i.e. those 

calculated £or the center o£ the area, do correspond to 

average values calculated by other authors. The higher than 

average values determined £or the northwestern part o£ the 

area may be the result o£ one or more o£ the £~llowing: 



167 

Table 4 

Paleopiezometers £or qu~rtz 

(a) Recryst~llized gr~in size(O,~m) <MPa) = Ao-n 

A n 

381 0.71 
603 0.68 
4090 1.11 
3902 1.43 

B m 

200 1 

<c> Dislocation density <N,cm-2) 

c p 

6.3 X lo-3 0.5 
1.64 X 1o-4 0.66 
2.47 X 10-3 0.5 
6.6 X lo-3 0.63 
6.6 X lo-3 0.5 
2.89 X 1o-4 0.67 

(d) Deformation l~mellae < s ppm> 

D 1 

6.35 X 103 2.18 

Re:ference 

Mercier §!;:.!..~!· 
Twiss (1977) 
Christie ~:!::.!.§!1· 
Christie ~~.!..~!· 

Twiss <1977> 

<MPe> = CNP 

Goetze <1975) 
McCormick <1977> 
Twiss <1977) 

(1977) 

(1980) 
<1980) 

Kohlstedt ~~.!..~1· (1979) 
Weathers ~~.!..~!· <1979> 
Kohlstedt & Weathers <1980) 

<MPa> = Ds-1 

Koch & Christie <1981) 
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TABLE 5 

Quartz Grain Size Paleopiezometry 

s~mple Gr~in Size Di:f:ferential Stress 
<mm> <Kbar) 

P204 0.005 6.8 
P231 0.005 6.8 
P368 0.01 3.2 
PllS 0.007 4.7 
Pl39 0.01 3.2 
P460 0.008 4.1 
P268 0.01 3.2 
P102 0.02 1.5 
PlO 0.02 1.5 
P35 0.05 0.5 
P45 0.04 0.7 
PS27 0.07 0.4 
P54 0.07 0.4 
P244 0.1 0.2 



1> The exposed crust~l level is higher th~n in most 

thrust belts: 

2) The di££erential stress w~s higher; 
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3) The gr~in size reduction in this part of the area was 

due to brittle processes and is there£ore not related to 

di££erential stress; 

4> Calculations have not been done by other authors over 

as wide an area. 

Of these possibillities, the fourth is the most likely. The 

second is unlikely since the average values calculated £or 

this area correspond to those calculated £or other zones. 

STRAIN ESTIMATE 

A sample of ultramylonite from the Johnnie Lake Shear 

Zone has been cut along both the XZ and the XY planes in 

order to determine the type o£ strain in three dimensions. 

Cuartz ribbon widths in the XZ section ranged £rom 0.2 to 

O.Olmm with the average width being 0.07mm. In the XY section 

quartz occurs as elonga~ed grain aggregates which are on the 

average 2mm wide and 7mm long. The long axes o£ the 

aggregates defines the mineral lineation. These measurements 

give an average volume for the aggregates of 1.4mm3 which is 

similar to the volume o£ individual quartz gra~ns in the 

relatively unde£ormed aggregates in the rock £rom which the 
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mylonite was derived. Reducing this to ~n order of m~gnitude 

calculation, beginning with an initial unit cube, the strain 

has produced a £inal rhombohedron having dimensions lOmm x 

1mm x O.lmm. These numbers give a strain ratio o£ 100:10:1 

with a k value o£ 1 implying that there has been very little 

volume loss (Ramsay, 1967). Also the intermediate dimension 

has changed very little £rom that o£ the original, indicating 

that de£ormation has been produced largely through simple 

shear. The amount o£ shear strain necessary to prQduce this 

trans£ormation is 9 which corresponds to an angular shear o£ 

-85 degrees. This value appears to be a reasonable estimate 

for shear str~in in an ultr~mylonite <White et al., 1980>. 

Although these estimates are grossly oversimpli£ied, they 

do appear to be reasonable and help to characterize the 

strain involved in the £ormation o£ these mylonites. Another 

feature which supports some o£ these conclusions is shown in 

figure 48. Biotite £lakes which have a· highly asymmetrical 

distribution pattern in the XZ section are seen in the XY 

section to be symmetric on either side o£ £eldspar augen. All 

flakes are pre£erentially oriented parallel to the mineral 

lineation, rarely tapering to a point to get around obstacles 

created by other grains. This £eature supports the conclusion 

that the maJority o£ the strain has been restricted to the XZ 

plane with very little a££ect on the Y direction. I£ a 

signi£icant pure shear component had acted in the Y 



Figure 48. Symmetrical distribution o£ biotite 

£lakes on either side o£ a £e1dspar augen in an 

XY section o£ ultramylonite. Field o£ view 6.5mm. 

P269. 
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direction, mic~ fl~kes with a component of that orient~tion 

~auld be expected. This does not occur. Ouartz pressure 

shadows on feldspar augen in the XY section show similar 

behavior. 

METAMORPHISM 

This study h~a been confined to the granitic units 

occurring in the study area. Due to the restricted chemical 

composition o£ these units, a well de£ined metamorphic 

gradient is not easily determined on a mineralogical basis. 

In £igure 49 a crude isograde map has been constructed based 

on the appearance or disappearance o£ certain minerals. The 

mineral assemblages £or each thin section studied are 

outlined in table 6. The samples in table 6 are listed in 

order o£ their occurrence from northwest to southeast. In all 

o£ these assemblages, quartz ~ K-£eldspar ~ plagioclase also 

occur. 

The characteristic mineral assemblage o£ the northwestern 

boundary o£ the area is bio-musc-chlor-ep-sph. It is £ound in 

both the Bell Lake Granite and the Killarney Granite. 

Immediately nothwest o£ the Johnnie Lake Shear Zone along the 

northern boundary o£ area 3, small garnet porpyroblasta are 

developed in the Bell Lake Granite as well as rare 

sillimanite. Within area 3, hornblende becomes a common 
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constituent in addition to the assemblage mentioned ~bove. 

The nothwestern boundary o£ area 6 essentially coincides 

with the disappearance o£ muscovite £rom this assemblage. 

Slightly southeast o£ this, chlorite, epidote and sphene 

become scarce. Assemblages found southeast o£ this line are 

one o£; qtz-ksp-plag-bio, qtz-ksp-plag-bia-hbld or qtz-ksp­

plag-bio-hbld-alm. In the southeastern corner o£ the map 

area, along highway 637, is a small patch, with poorly 

constrained boundaries, o£ amphibolite retrograde-from 

granulite. This patch marks the disappearance o£ biotite 

leaving the assemblage qtz-ksp-plag-hbld-alm. In thin section 

the hornblende can be seen to be a retrogressive product from 

the alteration o£ pyroxenes, o£ which only very small 

fragments remain. In outcrop this rock is massive, granular 

and weathers to an amber-brown colour. 

B~sed on the thin sections ex~mined ~ general increase in 

metamorphic grade £rom greenschist to granulite can be 

recognized £rom northwest to southeast. A similar increase in 

metamorphic grade to that indicated by the mineralogy, can be 

inferred £rom the change in the de£ormational behavior a£ 

quartz and £eldspar. 
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TABLE 6 

Mineral Assemblages 

Semple Bio Muse Chlor Ep Sph Hbld Sil Gar 

P204 X X X X X 

Pl21 X X X X X 

Pll5 X X X X 

Pll3 X X X X 

Pl09 X X X X 

P368 X X X 

P361 X X X 

P347 X X X X X X 

P139 X X X X X X 

P102 X X X 

P460 X X X X X X 

P268 X X X X X X 

P269 X X X X 

R95 X X X X 

P286 X X X X X 

P283 X X X X 

PlO X X X X 

Pl0-1 X X X X 

P3S X X X tr X X X 

P45 X X X 

PS29 X X X X 

P527 X X X X 

P52 X 

P53 X tr tr 
P54 X tr 
P602 X X 

P244 X X X 

P245 X X 

All assemblages include qtz + K-spar + plag. 
tr - trace 
bio- biotite; muse- muscovite; chlor- chlorite; 
ep- epidote; sph- sphene; hbld- hornblende; 
ail- sillimanite; gar- garnet. 



175 

80 82 
II 

0 ,00 1000 2000 

METERS 

Figure 49. Isogr~d map based on the ~ppe~rance or 

disappearance o£ minerals across the area. 
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Quertz 

The v~ri~tions in microstructur~1 str~in fe~tures in 

quartz, discussed in chapter 4, are indicative o£ an increase 

in metamorphic grade £rom northwest to southeast. In area 1 

the predominant mode o£ de£ormation is brecciation which 

indicates that conditions during deformation were below lower 

greenschist facies. 

As area 2 is traversed, both from northwest to southeast 

and £rom southwest to northeast, ductile deformation features 

become more important and brecciation o£ quartz no longer 

occurs. A core and mantle structure becomes dominant and 

indicates that temperatures had reached or surpassed 0.4 o£ 

the absolute melting temperature o£ quart2, which corresponds 

to lower greenschist £acies or higher. 

Along the northwestern boundary of ~rea 3A, Type I quartz 

ribbons are the common £arm o£ quartz. These ribbons have 

been recognized by Simpson <1985) in rocks deformed under 

lower greenschist facies conditions. Within the mylonites o£ 

area 3A, Type II quartz ribbons occur and according to 

Simpson <1985) correspond to conditions during deformation o£ 

mid to upper greenschist grade. 

In the central part o£ area 5 as well as in area 3B. Type 

IV quartz ribbons are the dominant £orm o£ quartz. This 

change in quartz morphology may indicate that ~he metamorphic 

grade has inc~ased above upper greenschist. In the southern 
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part of ~rea 5 and in ~re~ 6, quartz occurs as Type III 

ribbons. These ribbons are indicative that the metamorphic 

grade during deformation was at epidote-amphibolite grade or 

higher (Simpson, 1985). 

Feldsp8r 

The variation in microstructural strain features in 

£eldspars and the corresponding metamorphic grade necessary 

£or their £ormation has been discusaed previously in chapter 

4. Using these features the following increase in - metamorphic 

grade can be inferred. 

Between the northwestern limit of mapping and the 

northern part of area 2, the type of fracturing occurring in 

feldspar indicates that temperatures during deformation were 

below 300°C. Within the central portion o£ area 2, the 

predominance o£ antithetic fractures indicates that 

temperatures were between 300 and 400°C, lower greenschist 

facies, (8oullier,1980; White,1975). In the southern part o£ 

area 2 along the contact with area 3A, as well as a large 

portion o£ the northeastern hal£ a£ area 2, some £eldapara 

begin to show evidence o£ crystal plastic behavior, i.e. 

deformation twinning, undulatory extiction, deformation bands 

and kink banda. Aa well aa this, sympathetic shear fractures 

are the dominant mode o£ deformation. The combination o£ 

these features indicates that temperatures dur~ng deformation 

in these areas were near 500°C, (Andrews,1984; White,1975>. 
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In the center o£ area 3A and in area 38, fracturing o£ 

£eldpar is replaced by recrystallization through nucleation 

and growth as the dominant de£ormation mechanism. This change 

in mode o£ de£ormation corresponds to a change £rom upper 

greenschist to lower amphibolite grade conditions, having 

temperatures slightly above 500°C. This change also 

corresponds with the appe~rance of hornblende as a stable 

mineral. 

Beginning within area 5 and increasing in impertance to 

the southeastern limit o£ mapping, dynamic recrystallization 

occurs in £eldspars indicating that de£ormation took place 

under metamorphic conditions o£ mid amphibolite to granulite. 

DISCUSSION 

Based on mineralogy and the microstructural strain 

features a£ quartz and feldspar the metamorphic grade 

existing during de£ormation ranged £rom below lower 

greenschist grade along the northwestern boundary to 

granulite grade at the southeastern boundary. This 

corresponds to an increase in temperature across the area o£ 

~400°C. Within the area, the transition £rom greenschist to 

amphibolite facies occurs across the Johnnie Lake Shear Zone 

in area 3A. The extension of this isograd to the northeast 

swings up into the Bell Lake Granite in area 2. 
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The increase in metamorphic grade toward the northeast 

may be responsible £or the decrease in abundance a£ glassy 

mylonite along the extension o£ the Johnnie Lake Shear Zone 

in area 3B. At a higher metamorphic grade the de£ormation is 

more penetrative and the strain need not localize along 

discrete sur£aces. The crystal plastic behavior o£ £eldspar 

would allow a large proportion o£ the strain to be 

accomplished through feldspar de£ormation. The occurrence o£ 

metasediments in this zone would also allow a large portion 

o£ the strain to be accommodated through de£armatian a£ the 

so£ter quartz rich sediments. 

The incre~se in met~morphic gr~de discussed above 

accomp~nies the increase in recrystallized quartz grain size, 

discussed at the beginning o£ this chapter. The increase in 

grain size corresponds to a decrease in di££erential stress 

or, equivalently, to an increase in con£ining pressure with 

depth at constant maximum stress. Based on the values £or 

di££erential stress derived through paleopiezometry, this 

would imply an increase in con£ining pressure across the area 

o£ about 6 Kbar. This value is reasonable £or a temperature 

increase o£ 400°C. These values indicate that there is a 

di££erential erosion level o£ approximately 20 kilometers 

£rom northwest to southeast or, equivalently, a vertical 

displacement o£ the southeast block over the northwest block 

o£ 20 kilometers during thrusting. 
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Recent investig~tions by Indares and Martignole Cl985) o£ 

the Grenville Front Zone in Quebec indicate that the 

metamorphic conditions during thrusting are characterized by 

temperatures between 500 and 650°C and pressures between 7 

and 8 Kbar. Assuming that these conditions are more or less 

representative o£ the maJority o£ the Grenville Front Zone, 

they agree reasonably well with the increase in temperature 

and pressure determined above, starting from an initial grade 

o£ below lower greenschist £acies. Although varyiRg amounts 

o£ movement have taken place along the length of the 

Grenville Front. vertical movements of 15 to 20 kilometers 

are common (Wynne-Edwards, 1972>. 

The direction o£ movement o£ materi~l during thrusting 

£ollows that expected in a regional reverse £ault system, 

passing £rom a deep ductile regime to a high level brittle 

regime through a competent cover. The competent cover is 

represented here by the Bell Lake Granite through which the 

zone would be expected to steepen. The increase in 

inclination o£ structural elements £rom southeast to 

northwest corresponds to this change in attitude. 

A change in the nature a£ the £oliation is associated 

with the change in attitude. In the extreme southeastern 

section a£ the map area, a single £oliation defined by the 

long axes o£ both quartz and feldspar exists. This foliation 

dips moderately toward the southeast. Northward £rom this 
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boundary_ the expression of this surface changes_ becoming 

less penetrative until it occurs as discrete aur£aces with 

discernible o££set CC-sur£acea) northwest o£ area 3. This 

change in the nature o£ the C-sur£aces is accompanied by an 

increase in importance o£ S-sur£aces in the northwest, which 

are similar in nature to the C-sur£aces in the southeast, 

i.e. S-sur£aces are de£ined by the long axes o£ quartz and 

feldspar. 

At the onset of deform~tion, ~t deep crustal levels, the 

di££erential stress is low while the absolute stress and 

temperature are high. Thrusting causes displacement o£ these 

rocks to higher crustal levels, thus decreasing the con£ining 

pressure. In the deep, plastically de£orming rocks an 

apparent flattening foliation is pervasive. Those rocks which 

are subsequently subJected to retrogressive metamorphism 

during thrusting, i.e. those raised to a higher crustal 

level, become strong with the decrease· in con£ining pressure. 

With this increase in strength, the £lattening £oliation can 

no longer keep up with the progressive simple shear auch that 

shear discontinuities develop within the rock <Robin, pers. 

comm.>. This process corresponds to an increase in 

differential stress and is associated with the more brittle 

deformation o£ feldspar and a smaller recrystallized grain 

size in quartz. 

It follows from the ~bove discussion that the maJority of 
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the area had an original foliation which dipped shallowly 

toward the southeast. These sur£aces were subsequently 

rotated during upli£t into a steeper orientation. Since the 

external stress remained non-coaxial and constant in 

orientation, a second £oliation (C) was imposed over the 

£irst. 



CHAPTER 6 

CONCLUSIONS 

Across the portion o£ the Grenville Front Tectonic Zone 

covered in this study, there has been an increase in 

metamorphic grade £rom lower greenschist to upper amphibolite 

or granulite grade. This metamorphic gradient involves a 

change in temperature o£ approximately 400°C and in pressure 

o£ 6 Kbar. Vertical displacement o£ the southeast block 

upward has been accomplished through reverse £ault movement 

and is estimated to be on the order o£ 20 kilometers. 

De£ormation o£ the rocks which underlie this area has 

been produced largely through simple shear. Shear strain has 

been estimated to be 9 or higher in the Johnnie Lake Shear 

Zone and has resulted in a strain ratio o£ 100:10:1 with a k 
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value o£ 1. The strain in the area has not been restricted to 

a single narrow zone but becomes increasingly penetrative 

southeast o£ the Johnnie Lake Shear Zone. The dominant 

de£ormation mechanisms in the northwestern hal£ o£ the area 

involve £racture and £ragment rotation in £eldspars and 

dynamic recrystallization and subsequent flow in quartz. The 

de£ormation mechanism in the southeastern hal£ o£ the area 

has been recrystallization and subsequent £low in both quartz 

and £eldspar. De£ormation enhanced di££uaion becomes an 

important process at upper greenschist grade metamorphism and 

above. Microstructural strain £eatures in quartz and 

especially £eldspar could potentially become important 

indicators o£ metamorphic grade during de£ormation. 

The maximum principal stress during de£ormation was 

oriented along a horizontal line trending northwestward. The 

intermediate stress, also horizontal, had a northeasterly 

trend while the minimum principal stress was oriented 

vertically. The maximum principal strain direction changes 

£rom vertical to moderately inclined toward the southeast 

£rom northwest to southeast. 

Asymmetry resulting from S-C relationships is the most 

reliable kinematic indicator. 
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Suggestions For Further Research 

More investigation is necessary, both experimental and 

empirical, on the relationship between microstructural strain 

features in feldspars and metamorphic grade during 

deformation. This may prove to be an important tool in areas 

where the P-T conditions existing during deformation have not 

been sustained long enough for the mineralogy to equilibrate. 

The evolution and mechanism involved in the formation of 

deformation induced perthite should be investigated as a 

potential kinematic indicator. 

The role o£ £1uids during deformation and mylonite 

formation at all metamorphic grades also requires further 

research. 
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