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Figure 47. Polished slab of ultramylonite showing

well developed tailila on feldapar augen. P3S5a.
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CHAPTER S

STRESS, STRAIN AND METAMORPHISHM

THEORY AND APPLICATION QF PALEOPIEZOMETERS

Introduction

When a rock undergoces deformation and metamorphism the
cryatal ayatem within the rock will change in an attempt to
re-equilibrate with ita thermodynamic environment.
Equilibration may occur through breakdown and
recryatallization of pre-exiating minerals to form new
minerals, through grain growth (static annealing) or through
grain size reduction (dynamic recryatallization).
Experimental studies of crystal systems subjescted to varying
temperatures and preasures have shown that the equilibrium or

steady state grain size can be directly related to the
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differential stress under which the system was deformed.

The mechaniaem which plays a major role in

recrystallization is dislocation creep. The boundary of a

grain can be conaidered a continuocua aurface of dialocationa.

Dialocationa are also found within cryatals in asubgrain
boundariea, in deformation lamellae and in iaclated point or
line defecta. By means of experimental calibration the
denaity of dislocations, subgrain aize, recryatallized grain
size and lamellae spacing can be used to determine the flow

stresses that were acting at the time of recryatallization.

Energy Controls

Energy is stored in the bonds within crystals. Lowering
the number of vacant electron aitea in the ocuter orbitala of
the atoma within the cryatal through bonding, increaasesa the
atablity of the crystal. All cryatals have boundarieas in
which there are necesaarily vacant electron aitea. The total
number of vacant sites per unit volume will have an energy
propaortional to that of ita thermodynamic environment. If
vacant aites exist within the crystal, the boundary need not
posaeaa the total energy per unit volume necessary for
equilibrium. In a high energy (high stress) environment more
vacant aites are required per unit volume to attain
thermodynamic equilibrium. The majority of vacant electron

aitea are located in the grain boundary. Since surface 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 ahould theoretically be a atable or
steady state grain size for any given stress state.

When a rock changes from one streassa atate te another,
re~equilibration will occur if the temperature is high enough
to overcome kinetic barriera. The higher the temperature, the
more rapidly equilibration will occcur. This procesas takes
place through the creation or removal of diaslocationsa leading

to recryatallization.

Diffusion of Point Defects

The rate of diffusion of any type of crystal defect is
dependent on a number of factors.
1) Diffuaion rate ia directly proportional to
temperaturse.There is a minimum temperature (sxcitation
energy) necessaary before any diffuaion can proceed. Once thia
temperature is reached, increasing the temperature enhances
the rate of diffuaion.
2) Increasing the concentration of point defects generally
increases the rate of diffusion by creating a pertubation in
the cryatal’a electric field where defecta are concentrated.
Through the diffuasion of these defects the crystal attempts
to decrease the severity of thia perturbation.

3> Increasing pressure inhibits the diffusion of dislocations
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by introducing a volume constriction on the system. Under
conditiona of high pressure, more energy ia required to make
the neceasary adjuatmentsa to the crystal lattice and allow
for defect migration. Under auch conditicna, it appeara that
it would be energetically more favorable to concentrate the
defecta on cryatal boundariea, and allaow atraining to proceed
through grain boundary sliding.

It can therefore be seen that the strain rate of a
mineral is influenced by the thermodynamic enviromment in
which it exiata by affecting both the diffusion rate and the

concentration of dialocationa.

Darivation of the Paleopiezomater

Basaed on the arguments presented it should be possible,
in principle, to infer the differential atress from:

1) dislocation densaity

2) subgrain aize

3) recrystallized grain size

4) deformation lamellsae apacing

Twiss (1977) has presented the derivation of such a
relationship for subgrain size and recrystallized grain size.
By combining theoretical controla with experimental resulta,
a quantitative relationship haa been determined. Some of the
aaaumptiona that he has used are that:

1) the formation of subgrains and recrystallized grains
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is an energetically favorable process.

2) the energy stored in the subgrain and recrystallizead
grain boundariea is equivalent to the ateady atate
dialocation denaity for a given atresa atate. Thia meana that
a unique grain dimension (d) exists for any given stress
atate.

3) the smallest stable grain size is the one that
develops, ie. a newly recrystallized grain will contain no
internal dialocationas.

For a more detailed discussion of the derivation and its
inherent assumptions refer to Twiss (1977). Similar
derivationa to this have been carried out by various authora
and the reaultant paleopiezometera for guartz are liated in

table 4.

Limitations

There are certain limitations which must be taken into
conaideration when using a paleopiezometer such aa those
liated in table 4. Theae equationa aaaume that the grain aize
meagsured is the equilibrium grain aize for the deaired stress
astate, but this ia not alwaya the case.

An underestimate in stress results if grain growth during
dynamic recryatallization ia not taken into consideration. If
the smallest possible recrystallized grain is the one that

forma, it follows that a grain will not recrystallize until
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it has reached two timas this size. The mean grain size
measured will be between d and 2d. If annealing haa proceeded
paat 2d and the differential stress is only maintained for a
ahort period of time, the mean grain aize meaaured will be a
larger multiple of d. If the temperature ia maintained after
the atress haa been relaxed, atatic annealing will proacsaed,
thuas increaaing the grain aize. Since annealing occurs most
rapidly in crystalas having a high diaslocation density or
amall grain size, those textures resulting from high stress
are the leaat likely to be preserved. Unlesa the aystem haa
been quenched in some way either during or immediately
following the relaxation of the stresa field, the grain size
meaaured will be larger than the asteady atate grain asize and
uge of thia grain aize reaulta in an undereatimate of the
differential atresa.

There are also circumstances which may result in an
overestimate of the differential stress. Such would be the
case if the initial grain size were amall and the applied
atreas level waa low enough that an unreasonable length of
time would be neceasary to allow the grain aize to
re-equilibrate. The same result occurs if grain growth or
recrysatallization is inhibited by neighboring minerals of a
different composition (Twiss, 1977). Because of these
limitations it is necessary to determine if the obaerved

grain aize haa reaulted from an increaae or decreaae of the



original grain size.

Paleopiszometers appear to be most useful whan applied to
the recrystallization aaacciated with major thruat faults. If
thrusting haa 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 thia level. Reaults from several studies
(Twiss, 1977; Weathers et_al, 1979; Kohlatedt & Weathersa,
1980; Ord & Christie, 1984) of mylonites from majer thrust
belts indicate that the differential stresses involved in
thruasting range from 200 to 2000 bara, with average values of
~1000 bars.

Differential stress values based on the recrystallized
grain aize of gquartz have been determined for this area
(Table 3). Calculationa were done using the calibration of
Chriastie et al. (1980). Two conclusiona can be drawn from
these valuea: 1) The differential streaa decreasesa acrosas the
area from northwest to southeast and 2) maximum values for
differential atreas are much higher than thoae normally
calculated for major thruat belts. Median wvalues, i.e. those
calculated for the center of the area, do correspond to
average values calculated by other authors. The higher than
average valuea determined for the northweatern part of the

area may be the reasult of one or more of the following:
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Table 4
Palecopiezometers for gquartz

(a) Recrystallized grain size(D,ym) (MPa) = AD™R

A n Reference

381 0.71 Mercier et.al. (1977)
803 Q.68 Twiss (1977)

4090 1.11 Chriatie et.al. (1980)
3902 1.43 Christie et.al. (198Q0)

(b) Subgrain size (d,ym) (MPa) = Bd™RM
B m
200 1 Twiss (1977)

(c) Dislocation density (N,cm~2) (MPa) = CNP

C p
6.3 x 1073 0.5 Gostze (1375)
1.64 x 10~4 0.66 McCormick (1977)
2.47 x 1073 0.5 Twiss (1977)
6.6 x 1073 0.63 Kohlstedt et.al. (1979)
6.6 x 1073 0.5 Weathers et.al. (1979)
2.89 x 10°4 0.67 Kohlstedt & Weathers (1980)

(d) Deformation lamellase (syum) (MPa) = Ds~1

D 1l

6.35 x 103 2.18 Koch & Christie (1981)



TABLE S

Quartz Grain Size Paleopiezometry

Sample Grain Sizs Differential 3tress
(mm) (Kbar)
P204 0.005 6.8
pP231 G.005 6.8
P368 0.01 3.2
P11S 0.007 4.7
P139 0.01 3.2
P460 0.008 4.1
P268 0.01 3.2
P102 .02 1.5
P10 0.02 1.5
P35S 0.05 0.5
P45 0.04 0.7
PS27 0.07 0.4
P54 0.07 0.4
P244 0.1 0.2
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1> The exposed crustal level is higher than in most
thruat belts;

2) The differential stress was higher;

3) The grain size reduction in this part of the area was
due to brittle processea and ia therefore not related to
differential stress;

4) Calculations have not been done by other authors over
as wide an area.
0f these possibillities, the fourth is the most likely. The
second is unlikely since the average values calculated for

thia area correspond to those calculated for other zones.

STRAIN ESTIMATE

A sample of ultramylonite from the Johnnie Lake Shear
2one has been cut along both the XZ and the XY planesa in
order to determine the type of atrain in three dimensions.
Quartz ribbon widtha in the XZ section ranged fraom 0.2 to
0.01lmm with the average width being 0.07mm. In the XY aection
quartz occurs as elongated grain aggregates which are on the
average 2mm wide and 7mm long. The long axea of the
aggregates defines the mineral lineation. These measurements
give an average volume for the aggregates of 1.4mm3 which is

aimilar to the volume of individual quartz graina in the

relatively undeformed aggragates in the rock from which the
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mylonite was derived. Reducing this to an order of magnitude
calculation, beginning with an initial unit cube, the atrain
has produced a final rhombohedron having dimensiona 10mm x
imm x O.1mm. Theae numbera give a atrain ratio of 100:10:1
with a k value of 1 implying that there has been very littleae
volume loss (Ramsay, 1967). Also the intermediate dimenaion
haa changed very little from that of the original, indicating
that deformation haa been produced largely through simple
shear. The amount of shear atrain neceasary to proeduce this
tranaformation ia 9 which corresponda to an angular shear of
~85 degrees. Thia value appears to be a reasonable estimate
for shear strain in an ultramylonite (White et al., 19801,

Although theae eatimatea are grosaly oversimplified, they
do appear to be reasonable and help to characterize the
atrain involved in the formation of these mylonitea. Another
feature which aupporta aome of these conclusaiona is shown in
figure 48. Biotite flakea which have a highly asymmetrical
d;stribution pattern in the X2 section are seen in the XY
aection to bhe aymmetric on either side of feldapar augen. All
flakea are preferaentially oriented parallel to the mineral
lineation, rarely tapering to a point to get around obataclea
created by other grains. Thias feature supports the concluaion
that the majority of the strain has been restricted to the XZ
plane with very little affect on the Y direction. If a

aignificant pure shear component had acted in the Y



Figure 48. Symmetrical distribution of biotite
flakea on either aide of a feldapar augen in an
XY gsaection of ultramylonite. Field of view 6.5mm.

P269.
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direction, mica flakes with a component of that orientation
would be expected. Thia does not occur. Quartz preagure
ahadowa on feldapar augen in the XY aection ahow similar

behavior.

METAMORPHISHM

This study has been confinsd to the granitic units
occurring in the study area. Due to the restricted chemical
composition of these units, a well defined metamorphic
gradient is not eaaily determined on a mineralogical bésis.
In figure 439 a crude iasograde map hasa been constructed baaed
on the appearance or disappearance of certain minerals. The
mineral aaaemblagea for each thin aection zstudied are
outlined in table 6. The asamples in table € arse liated in
arder of theilr occurrence from northweat to aocutheast. In all
of theae aasasemblagesa, quartz + K-feldapar + plagioclases alao
occur.

The characteristic mineral assemblage of the northwestern
boundary of the area ia bio-muac-chlor-ep-sph. It is found in
both the Bell Lake Granite and the Killarney Granite.
Immediately nothwest of the Johnnie Lake Shear Zone along the
northern boundary of area 3, small garnet porpyroblaats are
developed in the Bell Lake Granite as well as rare

alllimanite. Within area 3, hornblende becomea a common
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constituent in addition to the assemblage mentioned above.

The nothweatern boundary of area & easentially coincides
with the disappearance of muacovite from this assemblage.
Slightly aoutheaat of thia, chlorite, epidote and aphene
become acarce. Asaemblageas found aocutheast of thia line are
one of;: qtz-kap-plag-bio, gtz-kap~-plag-bio-hbld or gtz-kap-
plag-bio-hbld~-alm. In the aocutheaatern corner of the map
area, along highway 637, ia a amall patch, with poorly
conatrained boundariea, of amphibolite retrograde.from
granulite. Thia patch marks the disappearance of biotite
leaving the aaaemblage qtz-kap-plag-hbld-alm. In thin aection
the hornblende can be seen to be a retrogresaive product from
the alteration of pyroxenea, of which only very small
fragmenta remain. In outcrop this rock ia maasive, granular
and weathers to an amber-brown colour.

Based on the thin sections examined a general increasa in
metamorphic grade from greenachist to granulite can be
recognized from northweat to aocoutheaat. A aimilar increase in
metamorphic grade to that indicated by the mineralogy, can be
inferrad fromvthe change in the deformational behavior of

quartz and feldapar.



TABLE ©

Mineral Assemblagss

Sample Bioc Musc Chlor Ep Sph Hbld Sil

P204
P121
P11S
P113
P109
P368
P361
P347
P139
P102
P460
P268
P269%
RIS

P286
P283
P10O

P10O-1 X x x
P35 tr x x
P45S

PS29
P327
PS2

PS3

PS4

P&602 x
P244 I
P243 =

%

X
X

x %

X X X X X X X X X X X X XX
A IS

L B A A

E I A A - S A
S
¥
®

S
S

b
o

tr tr
tr

E I - A -

All assemblages include gtz + K-spar + plag.

tr - trace

bio- biotite; musc- muscovite; chlor- chlorite;
ep- epidote; aph- aphene; hbld- hornblende;
sil- aillimanite; gar- garnet.
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Figure 49. Isograd map based on the appearance or

disappearance of minerals acrosa the area.
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Quartz

The variations in microstructural strain features in
quartz, discussed in chapter 4, are indicative of an increase
in metamorphic grade from northweat to aocutheaat. In area 1
the predominant mode of deformation is brecciation which
indicatea that conditiona during deformation were below lower
greenachist facies.

As area 2 is traversed, both from northwsst to southeast
and from southweat to northeaast, ductile deformation features
become more important and brecciation of gquartz no longer
occura. A core and mantle satructure becomea dominant and
indicatea that temperaturea had reached or aurpaassed 0.4 of
the abaolute melting temperature of quartz, which correaponda
to lower greenachiat faciea or higher,

Along the northwestern boundary of area 3A, Type 1 quartz
ribbona are the common form of quartz. These ribbona have
heen recognized by Simpaocn (198S5S) in rocka deformed under
lower greenachiat facies conditions. Within the mylonitea of
area 3A, Type II quartz ribbona occur and according to
Simpaon (1985) correspond to conditions during deformation of
mid to upper greenachiat grade.

In the central part of area 5 as well as in area 3B, Type
IV quartz ribbona are the dominant form of gquertz. Thia
change in quartz morphology may indicate that the metamorphic

grade has increased above upper greenachiat. In the southern
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part of area 5 and in area 6, gquartz occurs as Type III
ribbona. These ribbons are indicative that the metamorphic
grade during deformation waa at epildote-amphibolite grade or
higher (Simpaon, 1985).

Feldspar

The variation in microstructural strain fsatures in
feldspars and the corresponding me£amorphic grade necessary
for their formation haa been diacuased 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
feldapar indicates that temperaturea during deformation were
below 300°C. Within the central portion of area 2, the
predominance of antithetic fractures indicatea that
temperatures were between 300 and 400°C, lower greenschist
facies, (Boullier,1980; White,1973). In the socuthern part of
area 2 along the contact with area 3A, as well as a large
portion of the northeaatern half of area 2, aome feldapars
begin to show evidence of crystal plastic behavior, i.e.
deformation twinning, undulatory extiction, deformation bands
and kink banda. Aa well asa thia, aympathetic ahear fractures
are the dominant mode of deformation. The combination of
theae featurea indicatea that temperaturea during deformation

in these areasa were near 500°C, (Andrews,1984; White,1975).
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In the center of area 34 and in area 3B, fracturing of
feldpar is replaced by recryatallization through nucleation
and growth as the dominant deformation mechanism. Thia change
in mode of deformation correaponda to a change from upper
greenachist to lower amphibolite grade conditions, having
temperaturea alightly above 5S00°C. Thia change alao
corresponds with the appearance of hornblende as a stable
mineral.

Beginning within area 5 and increasing in impoertance to
the socutheastern limit of mapping, dynamic recrystallization
occurs in feldapars indicating that deformation took piace

under metamorphic conditions of mid amphibolite to granulite.

DISCUSSION

Based on minsralogy and the microstructural strain
featurea of quartz and feldapar the metamorphic grade
exiating during deformation ranged from below lower
greenachiat grade along the northwestern boundary to
granulite grade at the southeastern boundary. This
corresponds to an increase in temperature across the area of
~400°C. Within the area, the transition from greenschist to
amphibolite facies occurs across the Johnnie Lake Shear Zone
in area 3A. The extension of this isograd to the northeast

awinga up into the Bell Lake Granite in area 2.
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The increase in metamorphic grade toward the northeast
may be responsible for the decreaae in abundance of glassay
mylonite along the extension of the Johnnie Lake Shear Zone
in area 3B. At a higher metamorphic grade the deformation ias
more penetrative and the strain need not localize along
diacrete aurfacea. The cryatal plaatic behavior of feldapar
would allow a large proportion of the atrain to bhe
accomplished through feldapar deformation. The occurrence of
metasadiments in thia zone would alsoc allow a large portion
of the atrain to be accommodated through deformation of the
aofter quartz rich sedimenta.

The increase in metamorphic grade discussed above
accompanies the increase in recrystallized quartz grain size,
diacussed at the beginning of this chapter. The increaae in
grain size corresponds toc a decrease in differential stress
or, equivalently, to an increaae in confining preasure with
depth at consatant maximum streaa. Based on the valuea for
differential atressa derived through paleopiezometry, this
would imply an increaae in confining preaasure aaroaa the area
of about 6 Kbar. Thia value ia reasonable for a temperature
increase of 400°C. These valuea indicate that there is a
differantial ercaion level of approximately 20 kilometera
from northweat to southeast or, equivalently, a vertical
diasplacement of the southeaat block over the northweat block

of 20 kilometers during thrusting.



180

Recent investigations by Indares and Martignole (13985) of
the Grenville Front Zone in @Quebec indicate that the
metamorphic conditions during thrusting are characterized by
temperatureas between 500 and 650°C and pressurea between 7
and 8 Kbar. Assuming that these conditiona are more or leaa
repreaentative of the majority of the Grenville Front Zone,
they agree reasonably well with the increase in temperature
and pressure determined above, atarting from an initial grade
of below lower greensachist facies. Although varying amounts
of movement have taken place along the length of the
Grenville Front, vertical movements of 15 to 20 kilometers
are caommon (Wynne-Edwarda, 1972).

The direction of movement of material during thrusting
followa that expected in a regional reverse fault ayatenm,
paaaing from a deep ductile regime to a high level brittle
regime through a competent cover. The competent cover ia
represented here by the Bell Lake Granite through which the
zone would be expected to ateepen. The increaage in
inclination of atructural elementa from aoutheast to
northwest corresponds to this change in attitude.

A change in the nature of the foliation ia aasociated
with the change in attitude. In the extreme southeaatern
section of the map area, a single foliation defined by the
long axea of both quartz and feldapar exiata. This foliation

dipa moderately toward the aoutheaat. Northward from thia
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boundary, the expression of this surface changes, becoming
leaa penetrative until it occura aa diacrete aurfaces with
diacernible offaet (C-surfacea) northweat of area 3. This
change in the nature of the C-aurfaces ia accompanied by an
increase in importance of S-surfaces in the northwest, which
are aimilar in nature to the C-surfacea in the southeast,
i.e. S-aurfaces are defined by the long axes of gquartz and
feldsapar.

At the onset of deformation, at deep crustal levels, the
differential streaas is low while the abaoclute streas and
temperature are high. Thruating causes diaplacement of these
rocks to higher crustal levela, thus decreasing the confining
preaaure. In the deep, plastically deforming rocka an
apparent flattening foliation is pervasive. Those rocks which
are aubaequently aubjected to retrogresaive metamorphiam
during thrusting, i.e. thoae raised toc a higher crustal
level, become gatrong with the decrease in confining pressure.
With this increase in strength, the flattening foliation can
no longer keep up with the progreaaive aimple ahear sauch that
shear diacontinuities develop within the rock (Robin, pers.
comm.). Thia proceaas correaponda to an increaae in
differential stress and is associated with the more brittle
deformation of feldapar and a amaller recryatallized grain
size in quartz.

It follows from the above discussion that the majority of
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the area had an original foliation which dipped shallowly
toward the southeast. These surfacea were subszsequently
rotated during uplift into a steeper orientation. Since the
external streasa remained non-coaxial and constant in
orientation, a aecond foliation (C) was impoaed ovar the

firat.



CHAPTER 6

CONCLUSIONS

Across the portion of the Grenville Front Tectonic Zons
covered in this study, there has been an increase in
metamerphic grade from lower greenschiat to upper amphibolite
or granulite grade. This metamorphic gradient involvea a
change in temperature of approximately 400°C and in presaure
of 6 Kbar. Vertical diaplacement of the aoutheast block
upward has been accomplished through reverse fault movement
and is estimated to be on the order of 20 kilometers.

Deformation of 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

Z2one and has resulted in a astrain ratio of 100:10:1 with a k
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value of 1. The strain in the area has not been restricted to
a aingle narrow zone but becomes increasingly penetrative
southeast of the Johnnie Lake Shear Zone. The dominant
deformation mechaniams in the northweatern ha}f of the area
involve fracture and fragment rotation in feldspars and
dynamic recrystallization and subsequent flow in quartz. The
deformation mechaniam in the scutheastern half of the area
haa been recryatallization and subsaequent flow in both quartz
and feldapar. Deformation enhanced diffusion becomes an
important procesa at upper greenachiat grade metamorphiasm and
above. Microstructural strain features in guartz and
egpecially feldapar could potentially become important
indicatora of metamorphic grade during deformation.

The maximum principal atresa during deformation wasa
oriented along a horizontal line trending northwestward. The
intermediate atreaa, alao horizontal, had a northeasterly
trend while the minimum principal stress was oriented
vertically. The maximum principal strain direction changes
from vertical to moderately inclined toward the aoutheast
from northweat to aocutheaat.

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 microastructural 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 foermation of
deformaticn induced perthite should be investigated as a
potential kinemetic indicator.

The role of fluids during deformation and mylonite
formation at all metamorphic grades also requires further

regsearch.
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——3>7n Lineation

; Azimuth , Plunge

Vertical Lineation

2 Kilometers
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LAKE ONTARIO

HAMILTON

METASEDIMENTS

*SUDBURY QUE
N P ™
Iy N ONT.
N
N GEORQIAN
BaY
LAKE b
HURON

R e W

INTRUSIVE UNITS

PLUTONIC ROCKS

:Fg Fine Grained Granite
Bell Lake Granite: Porphyritic granite,
granodiorite or quartz-monzonite

Killarney Granite:
Kg1|Granite, granodiorite:
Kg2|Quartz-monzonite
Tldl Terry Lake Diorite

To| Tonalite

Ag| Augen Gneiss

DYKES

Dd| Diabase Dyke

Pd| Pegmatite Dyke

UNITS OF UNKNOWN ORIGIN

Qf| Quartzo-feldspathic Gneiss

m Amphibolite:
Retrograde from granulite facies

@ Breccia

>
+ +

Qz| Quartzite

Arg| Argillite

Qsg| "Streaky Biotite Gneiss”
Pqb| Quartz-Biotite Paragneiss
T~~~ Contact

~WW - Shear Zone
*r22  Sample number and location
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