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Abstract

The quartzite microfabric found in the Lorrain Formation was studied across the La

Cloche syncline, along a regional north-south transect along highway 6, near Whitefish

Falls, Ontario. The complete stratigraphic sequence across the syncline is preserved, and

is present on each fold limb. The lithostratigraphic units with the smallest grains size and

lowest mica content are located close to the core of the fold, while coarser grained, mica

and feldspar rich units are situated at the northern and southern most extent of the

transect. Deformation mechanisms vary with lithology and with position across the fold.

Pressure solution appears to be the dominant deformation mechanism in the feldspathic,

micaceous and ferruginous units. In the finer grained, mica poor white medium grained

and cherty sandstone units, grain boundary migration (GBM) characteristics show

dominance over those of pressure solution and show high amounts of fracturing which

cut migrated boundaries and therefore post date GBM. All samples across the fold

display a preferred orientation of quartz c-axes. The senses of asymmetry of fabrics are

found to be similar across the syncline, with the exception of the ferruginous sandstone

unit. Formation of these similar fabrics synmietries can not be the result of strain related

to first order folding. The mica content appears to be related to the percentage of quartz

lost due to pressure solution as a result of strain; the more mica present, the less quartz

was lost. Calculations based on the shape of initial grains suggest that conservatively

30% of the quartz volume has been dissolved out of the Lorrain quartzite, and potentially

migrated hundreds of meters to other members of the Huronian Supergroup as there was

no meso or macroscopic evidence observed in outcrop.
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Chapter 1. Introduction

The Lorrain quartzite is a member of the Huronian Supergroup, which is located in the

Southern structural province (Card, 1972; 1976; 1977; 1978; 1984; 1992; Zolnai, 1983;

Bennett et al., 1991; Davidson et al, 1992; Fueten and Redmond, 1997; Riller et al., 1999;

Finn, 2002). This quartzite is primarily composed of quartz, with the upper

lithostratigraphic members having a higher percentage of quartz than the lower members,

which have more mica and feldspar. The deformation history in this area is complex and

extensive (Card 1992, Riller et al., 1999). This is a study of the regional variation of

deformation mechanisms and the microstructures along a north-south transect of the La

Cloche syncline along highway 6, near Whitefish falls, Ontario. The originally horizontal

layers of the Lorrain quartzite have been folded into kilometer scale folds, with limbs that

are subvertical to vertical, and show various degrees of deformation across the fold both

in the outcrops and in thin sections. The lithostratigraphic units closest to the axial trace

are finer grained and have a higher quartz percentage than that of the units at the southern

and northern most extent of the fold, which display higher mica and feldspar content.

The use of a rotating polarizer petrographic microscope and computer program

GeoVision, statistical analysis using Excel, and Spheristat show the regional trends in the

Lorrain Formation across the La Cloche syncline. In this study, trends and relationships

between quartz grain area, grain shape (aspect ratio), angle of alignment of grains, c-axis

orientation and percentages of mica content and quartz dissolved are analyzed and

discussed in detail. Evidence found in this study shows that there is more deformation in

the southern limb than in the northern limb.





Chapter 2. Geologic, Tectonic and Deformational

History

2.1 Geologic Background

The Southern Structural Province in Canada spans from Sault Ste. Marie, along the North

Shore of Lake Huron, then Northeast to Quebec (figure 2.1). The eastern section of the

Southern Province consists of Paleoproterozoic rocks termed the Huronian Supergroup.

The Huronian Supergroup deposition ranges in age between 2150-2220Ma (Card, 1972;

1976; 1977; 1978; 1984; 1992; Zolnai, 1983; Bennett, 1991; Davidson et al, 1992; Fueten

and Redmond, 1997; Riller et al., 1999; Finn, 2002). These radiometric dates are derived

from the basement Superior rocks which the Huronian Supergroup lies unconformably

on, and the Nipissing Diabase dykes and sills that were emplaced around 2220Ma (Card,

1972; 1976; 1977; 1978; 1984).

The formation of the Huronian Supergroup was initiated on a passive margin and

subsequently became involved in a more tectonically active regime (Zolnai, 1983). The

area is dominated by east-trending, north verging synclines and anticlines and associated

south-dipping thrust faults; northeast and northwest trending strike-slip faults, and east

trending dextral strike slip faults (e.g.: the Murray Fault). The supercrustal rocks are

subjected to mainly low grade, greenschist metamorphism but amphibolite facies have

been recorded in some areas. There are a number of igneous intrusions that have been

identified in the area; Nipissing Diabase sills and dykes (Riller et al., 1999; Church and

Young, 1972; Card, 1972; 1984), Croker Island complex (Davidson, 1992; Card, 1992),

Cutler granites (Riller et al., 1999; Davidson, 1992) and the Creighton and Murray

Plutons (Riller et al., 1999; Easton, 2000; Davidson, 1992).





Figure 2. 1: Structural map showing the extent of the Southern Province from Sault St. Marie to

Southern Quebec, illustrating major faults, folds, igneous intrusions and structural provinces

(modiHed from Riller et al., 1999)

2.2 Sedimentology ofthe Huronian Supergroup

The Paleoproterozoic rocks of the Huronian Supergroup and the Huronian age intrusives

that marked the end of the Huronian sedimentation are the main events that identify the

Southern Province. Deposition of the Huronian Supergroup was between 2.5 and 2.1 Ga,

(Riller et al., 1999; Card, 1972; Finn, 2002; Bennett, 1991; Davidson, 1992; Zolnai,

1983, Fueten and Redmond, 1997). The Huronian Supergroup overlies the Archean

granitic basement. The Southern Province is transected east-west by the Murray Fault

Zone. The Huronian Supergroup is divided into four groups: Elliot Lake, Hough Lake,

Quirke Lake and Colbalt Groups (oldest to youngest respectively) (Card, 1972; 1976;

1977; 1978; 1984; 1992). These groups are subdivided into lithostratigraphic formations,

and summarized in figure 2.2.
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Figure 2. 2: Stratigraphic column of the Huronian Supergroup (modifled from Finn, 2002; Card,

1972; 1976; 1977; 1978; 1984; 1992).





The Huronian rocks to the south of the Murray Fault are about 12km thick, and are a

stratigraphically thicker sequence, which starts to thin to less than five kilometers towards

the Superior Craton (figure 2. 1) (Zolnai, 1983). Zolnai (1983) has suggested that the

sedimentation patterns of the Huronian Supergroup appear to be controlled by a number

of faults, interpreted to be part of a graben/fault system that forms depositional basins for

the Huronian sediments. It is suggested by Zolnai (1983) that these faults have been

reactivated as reverse faults during the Penokean. The three faults identified are the

Flack Lake, Agnew Lake and the Murray Fault. Of the three fault systems the Murray

Fault Zone is the most important in the Southern Province as it marks changes in

metamorphism, deformation, stratigraphy and structure across it (Zolnai, 1983). Card

(1972; 1976; 1977; 1978; 1984; 1992) found repeated cyclical depositional sequences

between the conglomerates, mudstones and sandstones in the Huronian Supergroup. The

three units, which are found within the repeated cycles, are:

1) diamictites: the Ramsey Lake, Bruce and Gowganda conglomerates are thought to be

of glacial origin and mass flow processes;

2) mudstones: Pecors, parts of the Espanola and Gowganda and the Gordon Lake

formations were deposited in the deeper water, formed by post glacial rise, causing

shorelines to migrate to the north;

3) cross-bedded arenites: Mississagi, Serpent and Lorrain are thick arenites that are

thought to be prograding fluvial deposits with a possible relationship to isostatic rebound,

strong glacial control, rapid facies and thickness changes across fault zones, local

unconformities and early arching (Card, 1972; 1976; 1977; 1978; 1984; 1992; Zolnai,
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1983; Bennett, 1991; Davidson, 1992; Riller et al., 1999). There has been some debate

whether or not the arenites were deposited under marine or fluvial conditions. Evidence

supporting marine conditions has the cycles formed due to regressive episodes with

strong marine influence on the quartzite units; the fluvial argument is that the cycles were

formed due to braided streams (Card, 1976; 1984).

The Lorrain formation is sub-divided into six lithostratigraphic units, in order from oldest

to youngest, summarized in table 2. 1

.
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2.3 Tectonic Events

The tectonic history of the Huronian supergroup and the surrounding area is complicated.

A number of tectonic events have been identified as contributors to the complex

metamorphic and tectonic history. The Blezardian Orogeny (BO) is thought to be pre-

Penokean orogeny (PO) (Riller et al., 1999; Fueten and Redmond, 1997). Fueten and

Redmond (1997) suggest that there was a 1.45 Ga tectonic event that occurred post

Penokean, but pre the ca. 1 .0 Ga. Grenvillian Orogeny. Along with these deformation

events major plutonism occurred with magmatism correlating to the Murray and

Creighton Plutons and major movement along fault zones such as the Murray Fault Zone

(MFZ) and the South Range Shear Zone (SRSZ). The above tectonic events and the

associated plutonism, magmatism and fault activation are described in more detail

throughout the rest of this chapter. Fueten and Redmond (1997) suggest that the ca. 1750

Ma magmatic event was passive and represents anorogenic magmatism.

2.3.1. Blezardian Orogeny

The Blezardian Orogeny (~2.2Ga) (Card, 1977) is a tectonic event that is thought to have

occurred pre-Penokean (~1.85Ga), and affected the Huronian Supergroup rocks,

producing north trending folds that predate the Nipissing Diabase (2.2Ga). The

Blezardian Orogeny is interpreted to have been associated with a northward

underthrusting of the Huronian basin by oceanic crust, illustrated in figure 2.3 (Riller et

al., 1999). Structural evidence found in the eastern Penokean Orogen for this pre-

Penokean orogeny suggests that the Blezardian deformation was accompanied by peak
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metamorphism (lower greenschist to lower amphibolite), the first episode of folding and

faulting of the Huronian sediments, and the coeval intrusion of granitoid sheets

(Creighton and Murray Plutons) (Finn, 2(X)2; Riller et al., 1999; Davidson, 1992). The

Blezardian Orogeny has been found to be contemporaneous with magmatic emplacement

initiated prior to that of the Creighton and Murray Plutons, and then terminated before the

intrusion of the Nipissing diabase (2.4-2.2Ga) (Riller et al., 1999).

Lake Superior region

Wataidian lactonic pulM

Suoerfor' '"""""' K' '\\

Province' '''''''''''' '^ '\\X

Lake Huron region
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WMT >MKon«ki fiwonwtlc

MF Mu*f«v (mA
KSZ KapuskaainQ ttfuctural

—^— inchnad atfuotUM

-«— UOriQlH MfUCttit*

*^i^ NiptMtng imnisiona

^^ flfamtoid MnruaMns

gnaiwUfrafM

N

Figure 2. 3: Schematics diagram of crustal kinematics during tlie Blezardian Orogeny. Deformation

in tiie Lake Supirior region was due to northern under plating of the oceanic crust and the

Minnesota River Valley gneiss terrane (MGT). In the Lake Huron area it was the cause of early

stage shortening, resulting in first order, upright, south verging folds; which was then accompanied

by northern under plating of the oceanic crust and the emplacement of the Nipissing Diabase

(modified from Riller et al., 1999).

23.2. Creighton and Murray Plutons

The Creighton and Murray Plutons are composed of quartz monzonite, and intrude the

metasediments and volcanics of the lower Huronian Supergroup, figure 2.4 (Finn, 2002).

The two plutons outcrop and occur southwest of Sudbury as high level, porphyritic

intrusions (figure 2.1), and are intruded by the Sudbury Igneous Complex, associated

metamorphic mafic dykes and the late Olivine Diabase Dykes (Finn, 2002). The
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emplacement of the Creighton and Murray Plutons are interpreted to be coeval with the

Blezardian Orogeny (Riller et al., 1999). The evidence that Riller (1999) presented

indicated that there was a relationship between the strain indicators between the strike of

the pluton margins, and steep metamorphic shape fabric of the contact between the

Huronian country rocks, figure 2.4 (top illustration). Horizontal obliquity of the contacts

were located with respect to subvertical planar shape fabrics, indicating that the sense of

shear changed: sinstral along the southeast margin, and dextral along the southwest

margin giving evidence that the Creighton and Murray bodies have been deformed and

metamorphosed along with the surrounding Huronian country rocks, but before the

intrusion of the Cutler Granite (2.1-2.2Ga), Sudbury Igneous Complex (1.85) (Card,

1977) and the Grenville Front Plutons (1.6-1.73Ga) (Card, 1977).
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Figure 2. 4: Schematic cross-section and geological map of the Creighton and Murray Plutons. A)

shows the geology and the structure of both the Murray and Creighton plutons and the surrounding

country rocks. Strain fabrics on the eastern section of the Creighton Pluton and the Huronian rocks

are axial planar to the folds in the Huronian country rocks (evidence for coeval emplacement with

the Blezardian Orogeny). B) shows the strain relationship between the strike of the pluton margins

and the steep metamorphic shape fabric. Horizontal Obliquity of the contacts with respect to

subvertical planar shape fabrics indicates that the sense of shear changed: sinistral along the

southeast margin, and dextral along the southwestern margin, evidence of transverse shortening

(modified from Riller et al., 1999).
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2.3.3. The Penokean Orogeny

The Penokean represents an island arc/continental collision with the Superior Craton

resulting in deformation and metamorphism of the Archean and Paleoproterozoic rocks,

figure 2.5 (Romano et al., 2000; Roscoe and Card, 1992). Regional folds, faults and areas

of high-grade metamorphism south of the Murray Fault have been attributed to the

compressional Penokean event (Jackson, 2(X)1). The Penokean orogeny has thought to

have deformed and metamorphosed rocks through Minnesota to Wisconsin, upper

Michigan and continuing into the Superior, Southern and Grenville Provinces of Canada,

figure 2. 1 (Hoist, 199 1 ; Pieceya et al, 2007).

The traditional and generally accepted theory for the NW-SE shortening of the Sudbury

Structure (SS) is to attribute it to the Penokean Orogeny. This would require that the

Penokean Orogeny be either syn or post-impact, with syn-impact timing widely accepted

(Deutsch et al., 1995; Riller et al., 1999; Szabo and Halls, 2006). Deutsch et al (1995) and

Riller et al (1999) suggest that the impact took place during the tectonic activity of the

Penokean Orogeny. Deformation would then begin immediately after the formation of

the Sudbury structure and outlast cooling of some of the impact formations. They

describe the deformation as occurring in two parts; ductile deformation and thrusting.

Szabo and Halls (2(X)6) places the Penokean Orogeny at 1.9-1.7 Ga, making it syn

tectonic, which agrees with Deutsch et al (1995) and Riller et al (1999) who place the

Penokean Orogeny and the SIC occurring between 1.89-1.83 Ga. Easton (2000) and

Card (1977) also agree with the timing of these two events.



;>**?
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The age of the Penokean Orogeny in the Lake Superior region is constrained by U-Pb

zircon ages of syntectonic piutonic rocks of the Wisconsin magmatic terrain (Riller et al,

1999). Riller et al (1999) suggests that the Wisconsin terrain collided with the Southern

Province craton at about 1 .86 Ga. and the South Range Shear Zone (SRSZ), like the

Murray Fault, is a predominant dislocation in the Sudbury area. Strain fabrics in the

SRSZ transect the Sudbury Igneous Complex (SIC) and suggest that faults were active

during the Penokean Orogeny. The Blezardian Orogeny occurred ca. 2.4-2.2 Ga. The

bulk shortening started with the Blezardian Orogeny and was accompanied by peak

metamorphism. It has also been suggested that a later orogeny may be responsible for

the NE-SW shortening of the Sudbury structure. Fueten and Redmond (1997) suggest

that the ca. 1750 Ma magmatic event was passive and represents anorogenic magmatism.

Post impact deformational events such as the ca. 1.65 Ga Mazatzal-Labradorian orogeny

(a collisional tectonic event, which has overprinted the Penokean) and the 1 .45 Ga

deformational event (Bailey et al., 2(X)4; Romano et al., 2000). Evidence for the

Mazatzal-Labradorian orogeny has been found in titanite grains from the Thayer Lindsay

mine in Sudbury and from 40Ar dating from hornblende grains (Bailey et al, 2004;

Romano et al, 2000). Perceya et al (2007) restrict the Penokean interval to the 2. 1 Ga

embayment of the Southern Province rifted margin. Others, such as Fueten and Redmond

(1997), support a pre-impact Penokean Orogeny. They interpret the Murray Fault as

being reactivated during the Penokean and a S-dipping thrust fault.

Riller et al. (1999) suggested that evidence for the Penokean in the Lake Huron area

could be seen in the Murray Fault and the South Range Shear Zone (SRSZ). The strain

fabrics of the SRSZ transect the Sudbury Igneous Complex (SIC) and suggest that the
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faults were active during the late period of the Penokean (Riller et al., 1999). Near the

contact between the Archean basement and the overlying Huronian Supergroup foliation

and associated stretching lineations of the SRSZ are subvertical suggesting bulk vertical

stretching and horizontal shortening compatible with a component of dextral

transpression (Riller et al., 1999). Post Penokean events include plutonism, and

magmatism and evidence other tectonic events: Mongowin, 1.75Ga (Davidson, 1992;

Finn, 2002), Killamey, 1.72Ga and Croker, 1.47Ga (Davidson, 1992; Card, 1992), a 1.4

Ga. Deformation event (Fueten and Redmond, 1997); the emplacement of the Olivine

Diabase dykes, 1.2Ga (Jackson, 2002; Finn, 2002) and the tectonism along the Grenville

Front, 1.1-l.OGa (Fueten and Redmond, 1997; Easton, 2000; Finn, 2002). Riller (1999)

proposed that the Great Lakes Tectonic Zone (GLTZ), the Penokean interval Murray

Fault Zone (MFZ) may form a continuous sigmoidal fault zone with similar structures to

those found in the Penokean Orogen in the Lake Superior Region. To account for the

seemingly absent Paleoproterozoic terrains in the Lake Huron Region, Riller et al.'s

(1999) kinematic model suggests that there was significant strike-slip movement on the

MFZ during the Penokean transpression to displace the accreting arc terrain toward the

west.





17

Lake Superior region Lake Huror^ region

' Superior »'>'>''''

^ Province :
'-

'- W^^^mX ":SAA>

*»0»00***^^^0 r (1_^ ^^^ 0*0 / JvW\
00000000'0000 ^j**"^r rf

00000000*0000^ ^
000000000i
000*000*/

/_
.

MGT MlniiMOta Mwtr VWlay gnein

WMT Wiaconsin magnuitic larrao*

MF Mufr«v (Mjft

KSZ Kaputkating »uuctural ion*

I* Inciinad siructur*

-*^ upright nruciurt
*»i^ MplMing intrusion*

^^ fliMritoid intrusions

BwwkMn fold b«lt

Figure 2. 5: Schematic representation of the events occurring during the Penokean Orogeny in the

Great Lakes region. Black arrow represent the direction of plate convergence, the white arrow

indicates the tangential extension in the front of the terrain. Notice the distortion of the Nipissing

Diabase dykes (top right), and the dextral transpression along the Murray fault (modified from

Riller et al., 1999).

2.3.4. The Murray Fault Zone

The Murray Fault Zone (MFZ) consists of the main central fault zone (figure 2.1) as well

as a large number of connecting faults (Piercey et al., 2007). It has been identified as a

steeply dipping with a reverse sense of movement and a dextral component based on the

differences in lithologic contacts, metamorphic isograds and second order fold terrains

(Riller et al., 1999; Piercey et al, 2007). Zolnai, 1983 described the MFZ as a fault

controlled hinge zone south of which associated rocks have a greater thickness and were

subsequently tectonically buried to midcrustal depths before being thrust up over adjacent

rocks on the north that were thinner, and less deformed. The Murray fault is partly

covered by 1.1Ga volcanic rocks in the western extent of the Murray fault zone, and

displays discontinuous fault zones in the eastern section where it merges with the

Grenville Front Tectonic Zone (GFTZ) (Riller et al., 1999). North of the MFZ,
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lithologies preserve low metamorphic grade that are deformed about generally upright

folds and reverse and/or reverse thrust faults (Jackson, 2001; Riller et al., 1999). South of

the MFZ rocks are significantly metamorphosed and deformed. Jackson (2001) provides

evidence of at least three deformation events: 1) pre-Nipissing gabbro faulting and large

scale folding related to syn- or post-deformation of the unconsolidated strata; 2) structural

events reflecting high extensional strain that formed pre- to syn-peak metamorphism and

regional folds, and; 3) faults that parallel structures north of the Murray Fault and are

associated with crenulation cleavage. In the western segment of the GFTZ, the Murray

Fault forms a continuous sigmoidal fault zone. The Murray Fault represents a major

crustal transcurrent fault on which Proterozoic crust was translated in the westerly

direction during the Penokean Orogeny, and represents the eastern most expression of the

Great Lakes Tectonic Zone (GLTZ).

2.3.5. Summary

The Southern Province has an extensive deformation and metamorphic history

(summarized in table 2.2). Areas to the south of the Murray Fault display higher degrees

of deformation and metamorphism than the areas to the north. The first major tectonic

pulse was the accretion of the Archean microcontinents in the early Proterozoic crust.

The Blezardian Orogeny (~2.2Ga) has been identified as the first tectonic pulse that

affected the Huronian Supergroup rocks. The deformational and metamorphic

consequences of the Blezardian Orogeny were first order faulting and folding, and coeval

emplacement of the Creighton and Murray Plutons (2.33Ga and 2.38Ga). The Nipissing

Diabase dykes and sills intrude the entire Huronian supergroup (~2.2Ga), marking the
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upper limit and the end of the Huronian sedimentation. A tectonic pulse ~ 1 .85Ga

documents the Penokean Orogeny, caused a second wave of deformation and

metamorphism in the Southern Province. The Penokean Orogeny however, where clearly

identified in the Lake Superior region is characterized by the development of fold nappes

and overthrusts, considerable crustal thickening, medium to high grade metamorphism

and widespread granitic plutonism. Evidence in the Lake Huron region is limited to

intrusion timing of the SIC (1.84Ga), Cutler granite (1.75Ga) and reactivation of the

Murray Fault. Post Penokean events include intrusion of a number of different plutons

(Mongowin (1.75Ga), Killamey (1.72Ga) and Croker (1.47Ga)), the emplacement of the

Olivine Diabase dykes (1.2Ga) and the tectonism associated with a 1.4 Ga tectonic pulse

and along the Grenville Front (1.1-l.OGa). The study area is located south of the Murray

Fault, across a transect of the LaCloche syncline near Whitefish Falls, as part of the major

series of folds affecting the Huronian Supergroup rocks in this area.
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Chapter 3. Pressure Solution Literary Review

3.1 Introduction

The deformation of rocks by pressure solution has been observed in the diagenesis of

sandstone and limestone, but also as a dominant deformation mechanism in low grade

metamorphosed greenschist facies rocks (Becker, 1995; den Brok, 1998; Weyl, 1959;

Renton, 1969; Rutter, 1983; Houseknecht, 1984, 1988; Shimizu, 1995; Renard et al,

1997; Riller 1999; Kruzhanov and Stockhert, 1998; Revil, 1999; Alcanteret al., 2003).

Pressure solution is driven by non-hydrostatic, differential chemical potentials where

dissolved material is transported by diffusion through intergranular channels (areas of

high stress) (Shimizu, 1995). The driving force of pressure solution as explained by

Shimizu (1995) and illustrated in figure 3.1, is the difference in the chemical potential for

phase transition of a solid at a stressed state (ii*) and the chemical potential for diffusion

of a solute in the isotropic viscous fluid (\i) across solid-fluid boundaries. Solid materials

dissolved at grain-grain contacts oriented normal to compressive stress direction (A), are

transported by a diffusive mechanism through the intergranular fluid, and precipitated at

the sites to the extensional direction (B) (figure 3.1).





22

t
diffusion

dissolution

jiA

MB
precipitation

Figure 3.1: Schematic drawing of a hypothetical quartz grain undergoing pressure solution.

Compressive site i\iA) the stressed grain surface is dissolving into the intergranular water, the solutes

(illustrated as the black dots outside the quartz grain) are transported by diffusion along the grain

boundary to the extensional sites (ftB) where the solutes are then precipitated (modified from

Shimizu, 1995).

Three distinct pressure solution models are defined: the thin film, island channel and

grain boundary (Becker, 1995; den Brok, 1998; Weyl, 1959; Renton, 1969; Rutter, 1983;

Shimizu, 1995; Renard, 1997; Riller,1999; Kruzhanov and Stockhert, 1998; Rivil, 1999;

Alcanter, 2003), which will be examined below. Other studies into pressure solution

examine in depth the relationships between grain shape (aspect ratio), crystallographic

orientation and the effects of mica/clay on the rate or amount of pressure solution

(Becker, 1995; den Brok, 1998, Renard, 1997; Lerbekmo and Piatt, 1962; Dumey, 1972).

This chapter will highlight the important concepts surrounding pressure solution, examine

the different models of pressure solution in quartzites and quartz sandstones and will

provide background into the research presented in this study.
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3.2 The Three Proposed Pressure Solution Models

Three distinct pressure solution models were referred to on a regular basis (Becker, 1995;

den Brok, 1998; Weyl, 1959; Renton, 1969; Rutter, 1983; Shimizu, 1995; Renard, 1997;

1999; Kruzhanov and Stockhert, 1998; Revil, 1999; Alcanter, 2003). The three models

illustrated in figure 3.2, following the nomenclature presented by den Brok (1998),

include the thin-film boundary model, the island-channel boundary model and the grain

boundary model (also referred to as the Gratz model).

^^^^^^
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is transferred from the quartz grains along the film and the rate of pressure solution is

relatively slow due to the low diffusion rate of water. Other authors that have accepted

this model have found that clay minerals (Renard, 1997; Lerbekmo and Piatt, 1962), mica

grains (Alcanter, 2003) and experimental film solutions having a pH of nine (Lerbekmo

and Piatt, 1962; Renton, 1969; Beach and King, 1978) promote the pressure solution rate

of quartz. The driving force for this model is a difference of normal stress between the

grain contact and the pore, having dissolution at the contact stress enhanced (Renard,

1997).

3.2.2. The Grain Boundary Model

The grain-boundary model, (Gratz, 1991; Becker, 1995; den Brok, 1998) postulates that

microcracks along the grain boundaries would significantly affect the pressure solution

deformation rate in quartzite (figure 3.2b). In this model, grain boundaries have a rough

structure, having islands with a thin-film boundary structure and channels at a micrometer

scale (Gratz, 1991; den Brok, 1998). The grain boundary model is static, the channels

remain located where the microcracks intercept the grain boundary (Gratz, 1991; den

Brok, 1998), and new microcracks are continuously generated.

3.2.3. The Island Channel Model

The island-channel model, (Cox and Patterson, 1991; Lehner, 1995; den Brok, 1998;

Alcantar, 2003) proposes that stress is transmitted across solid 'island' quartz-quartz

contacts and material diffuses through relatively large (nanometer to micrometer scale)

adjacent water channels (figure 3.2c). The islands and channels constantly move,





25

creating a dynamic system, but the average structural configuration remains tiie same

(den Brok, 1998; Alcantar, 2003).

It has been concluded that there needs to be a fluid phase in order for pressure solution to

occur, otherwise the result would be a high amount of fracturing in order to relieve the

building stress through compression (Renton, 1969).

3.3 The effect ofmicas and clays on Pressure Solution

A number of different factors affect pressure solution, amongst the more prominent ones,

there appears to be the influence between micas, clays and grain size. An early study

done by Renton (1969) showed that sandstone samples that contained chert or clay

responded to pressure solution more readily than monocrystalline quartz sandstones. The

clay was thought to have created a microenvironment of a high pH at grain contacts as

the silica migrated away from the points of grain contact. The silica would then

precipitate as quartz overgrowths on the quartz grains as a result of a decrease in pH.

Renton (1969) also found that without the presence of water or a similar solution (thin

film model, figure 3.2a), the quartz crystal lattice failed to relive stress and resulted in

more fracturing, than if there was solution present. More recent studies confirm that

clay/mica affect the pressure solution of quartz in two ways: 1) Mica grains penetrating

into the quartz grains without significant deformation to themselves (Bjorkum, 1996,

Renard et al., 1997) (figure 3.3A) and 2) a mica-quartz grain boundary contact with the

micas appearing to form a pressure shadow affect, figure 3.3B (Weyl, 1959; Renton,

1969; Rutter, 1983; Shimizu, 1995; Bjorkum, 1996; Renard et al. 1997, Kruzhanov and

Stockhert, 1998; Revil. 1999; Alcanter, 2003).
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Figure 3.3: Images showing different behaviour of mica with quartz contacts. Image (A) shows mica

grains (white arrows) penetrating the surrounding quartz grains (Q); Image (B) shows a mica

pressure shadow around a grain of quartz (Q). (Both images captured with a Inun field of view).

In samples where clay/mica are present, there was an apparent increase in pressure

solution rate, compared to samples where there was a lack of clay/mica (Weyl, 1959;

Renton, 1969; Rutter, 1976, 1983. Houseknecht 1984, 1988; Bjorkum, 1996). It has been

concluded that pressure solution rate between the clay/mica-quartz grain contacts

increases significantly more than in the case of quartz-quartz grain contacts.
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3.4 Pressure Solution and Preferred crystallographic orientations

In this section the relationship between pressure solution and crystallographic orientation

of detrital quartz grains that have undergone a large amount of pressure solution will be

examined. The majority of grains in quartz sandstone or quartzite have undergone some

degree of pressure solution and display smooth truncated margins along certain crystal

planes. The extent to which quartz is affected by pressure solution depends on factors

such as grain size, roundness, matrix composition, strain rate and temperature. The

amount of pressure solution varies along different crystallographic directions (Becker,

1995). In the sandstones studied, quartz was the main soluble phase, the grains varied in

shape and size and are distributed throughout the matrix and have specific orientations in

relation to the stress field. Becker (1995) identified three different fabrics: 1) majority of

grains were flattened parallel to the cleavage planes, and labeled as "X" grains (figure

3.4A); 2) grain boundaries truncated against cleavage lamellae which varied in different

grains; 3) there were some equant grains found that had preserved their original shape,

labeled "Z" grains, figure 3.4B, which do not show evidence of pressure solution along

sides facing cleavage, contain mica beards and show fibrous quartz overgrowths in

pressure shadows extending parallel to cleavage (figure 3.4B). The mechanical

properties of the quartz grains in the fabrics defined by Becker (1995) are found to vary

along different crystallographic directions, where the Z-axis is the axis of shortening, Y-

axis is the intermediate, and the X-axis is the axis of extension. Some grains experienced

less pressure solution deformation than others.
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Figure 3.4: Images showing examples of quartz grains as described by Becker (1995) from the

Lorrain quartzite: A: shows the cleavage seams direction shown by the red arrow, notice also the

elongated, flattened quartz grains aligning with the cleavage seams (X grains, shown by white

arrows); B: shows a 'Z-grain' (black arrow) showing a slightly modified detrital grain shapes

showing irregular boundaries against the cleavage seams, and show long tails of pressure shadows.

Quartz grains with small c-axis orientation angles to the Z axis of shortening were found

to have the lowest mean aspect ratio, and the grains with the highest c-axis orientation

angles to Z axis of shortening (-40-50°) show the highest mean aspect ratio (Becker,

1995).

Becker (1995) has concluded that quartz grains having small c-axis orientation

angles between the c-axis and Z-axis of shortening, exhibit the least amount of pressure

solution, and the grains that exhibited c-axis orientations at 50° (high angles) to the Z-

axis of shortening displayed the highest degree of pressure solution, where

rhombohedrons and trigonal dipyramids are the most susceptible to pressure solution

during deformation. A study by den Brok (1996) experimentally deformed a series of

natural quartzites, with a temperature of 800°C, pressure of ~1200Mpa, constant strain

rates ranging 10"^ to 10"^ s'. The deformed quartzite showed behaviour consistent with a

power law, displaying a microstructure characterized by axially oriented intra-and inter-

granular microcracks and similar arrays of new subhedral to euhedral quartz grains.
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These observed arrays incorporated voids and channel structures (like the grain boundary

model discussed earlier). Grain boundaries parallel to the Z-shortening axis, showed

subeuhedral overgrowth features that did not appear on grain boundaries perpendicular to

Z, similar to that found in Becker (1995). In a later study. Den Brok (1998) related the

characteristics of the grain boundary model (Gratz, 1991; Becker, 1995; den Brok, 1998)

to the relationship between crystallographic orientation and pressure solution. In this

study den Brok (1998) states that the grain boundary model (Gratz, 1991) predicts that

pressure solution rate may depend on the crystallographic orientation of the quartz grains,

since grains that are suitably oriented for stress corrosion microcracking (SCM) should

dissolve faster (den Brok, 1998). The grain boundary model is the only pressure solution

model that in principle explains the dependence of crystallographic orientation to

pressure solution that Becker (1995) and den Brok (1996) found. Microcracks in the

quartz grains are found to propagate most easily parallel to the rhombohedral (r), and

trigonal dipyramid (z) planes, and less easily parallel to the prism (p) planes (den Brok,

1998), therefore, grains with r planes oriented parallel to the Z-axis of shortening, will

have the highest chance of showing island-microcrack geometry, therefore dissolving the

fastest. Comparison of Becker (1995) and den Brok (1998) shows that the results are

similar, i.e. the angle between the quartz c-axis and the Z-axis of shortening indicating

that the grain boundary model, crystallographic orientations and pressure solution are

related.
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3.5 Summary

Pressure solution is a prominent deformation mechanism in the diagenesis of

sandstones and other sedimentary rocks, but also an important mechanism in the

deformation of low grade metamorphic rocks (greenschist facies) at low to moderate

temperatures and pressures. Pressure solution is fairly difficult to reproduce

experimentally but most models are in agreement with or combine the three models that

were presented: the thin-film, island-channel and the grain-boundary models. Figure 3.1.

The presence of clay/mica, crystallographic orientation, grain shape and grain size has a

significant affect on the rate of pressure solution that occurs. Clays/micas that share

boundary contacts with quartz increases the rate of pressure solution, in some cases the

mica grains look to have undergone little to no deformation compared to the affected

quartz grains (figure 3.3A). No evidence has been found that clay/mica actually enhances

the amount of pressure solution, but it does affect the overall rate. Pressure solution is

thought to have a direct relationship to crystallographic orientation. It is found that

quartz grains whose c-axis is oriented at high angles (~50°) to the Z-axis of shortening

showed the highest degree of pressure solution, having grains with a high aspect ratio,

while grains with c-axis at low angle displayed little to no affect of pressure solution, and

a lower aspect ratio (Becker, 1995; den Brok, 1998). The grain boundary model has been

closely linked to this crystallographic orientation relationship (den Brok, 1998). Grain

size seemed to be most important during the compaction of sandstones, areas containing

larger equant grains had lower intergranular stress and considered sites precipitation sites,

while areas of smaller grains seem to have higher intergranular stress causing them to be

sites of dissolution (Houseknecht, 1984).
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Chapter 4. Plastic Deformation: Literary Review

4.1 Introduction

Deformation takes place under varying conditions. The ideal deformation history is

thought to occur in a systematic sequence from initial microcracking and microfracturing

which give rise to pressure solution, then to different forms of plastic deformation

(Onasch and Dunne, 1993; Onasch, 1990). When rock is subjected to stress, the

crystalline structure can deform by various mechanisms that depend on mineralogy,

temperature, confining and fluid pressure, and differential stress and strain rate.

Dislocation creep is the most common form of plastic deformation where shape change

and is achieved by a combination of very localized, temporary distortion of the lattice and

glide along slip planes (Davis and Reynolds, 1996; Stockhert, 1999). Onasch and Dunne

(1993) identified natural examples of different characteristic microstructures of plastic

deformation (figure 4.1). Characteristics include: Undulose and patchy extinction, fluid

inclusion planes, microfracturing, serrated grain boundaries and deformation lamellae.
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Figure 4.1: Natural examples of characteristic microstructures for deformation mechanisms shown

in figure lb. a) (U) shows grain with undulatory extinction, (P) is patchy undulatory extinction (b)

(DL) shows the lamellae, and DB is the deformation band that is affecting the lamellae, (c) middle of

figure shows a sutured grain contact (d) transgranular stylolite (e) fluid inclusion planes (f)

microvein in crossed polarized light (g) same microvien as in (g) but seen under catholuminecence

(modified from Onasch and Dunne, 1993).
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4.2 Dislocation creep

Dislocation creep is achieved by a combination of localized temporary distortion of the

lattice and displacement of the lattice along favourable crystallographic planes. The

boundary between slipped and unslipped parts of a crystal is a dislocation (Davis &

Reynolds, 1996). Recovery and recrystallization have a healing effect on crystalline

structures by eliminating as many defects as possible, ridding the lattice of stored energy

(Davis and Reynolds, 1996). The rate of dislocation creep is controlled by rates of

recovery and recrystallization which cause dislocations to arrange themselves into walls

that form low angle boundaries between slightly misoriented parts deemed subgrains,

identified by undulose extinction, and continued deformation may create high-angle

boundaries, separating the subgrains into distinct grains (Davis and Reynolds, 1996).

Recovery promotes healing through the rearrangement and destruction of dislocations in

the lattice, where recrystallization promotes healing by transforming the old defective

grains into brand new grains. Recrystallization mechanisms are divided into continuous

and discontinuous processes. Discontinuous recrystallization has stored energy that is

removed inhomogeneously by the migration of grain boundaries, and continuous

recrystalization uses stored energy that is removed homogeneously throughout the

material by the recovery process that may lead to the formation of new grain boundaries

(Stipp et al., 2002). Grain boundary migration (GBM) is a form of recrystallization in

which a grain boundary migrates outward, through the material changing size, shape and

position of the affected grain (Lloyd and Freeman, 1994). Driving forces of GBM

outlined by Lloyd and Freeman (1994) are lattice defects, grain boundary energy,

chemical free energy, and external elastic energy and always lead to a decrease in internal





34

strain energy. During subgrain rotation, new grains evolve by the addition of dislocations

into an existing subgrain wall. This produces relative rotation of the lattice on either side

of the subgrain wall and eventually leads to the formation of high angle grain boundaries.

Subgrain rotation produces a characteristic 'core and mantle' structure (Lloyd and

Freeman, 1994).

Dynamic recrystallization occurs during deformation accommodating the continued glide

of dislocations, permitting the rock to sustain steady flow through dislocation creep.

Misoreintation between adjacent subgrains can increase in two ways: 1) the boundary

between the subgrains can remain stationary and collect dislocations moving toward the

subgrain boundary or 2) the boundary can migrate through the material and accumulate

dislocations as it goes. If the crystallographic mismatch between the two subgrains

exceeds some threshold the boundary is called a high-angle boundary. The process of

creating new grains by the formation of low angle boundaries and subgrains is called

subgrain rotation recrystallization (Lloyd and Freeman, 1994).

4.3 Dynamic Recrystalization

The classical view of dynamic recrystallization (Drury and Urai, 1990) involves the

nucleation and growth of a population of new grains at the expense of the deformed old

grains. The current view differs slightly, deeming it a more diverse process that new

grains' development doesn't occur in all types of recrystallization mechanisms (Drury

and Urai, 1990). Two main types of dynamic recrystalization are identified: Grain

boundary migration and subgrain rotation (Drury and Urai, 1990; Hirth and Tullis, 1992;

Lloyd and Freeman, 1994; Stipp et al., 2002).
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Grain boundary migration involves the transfer of material across a boundary, occurring

when the relative diffusion rates are significant which requires an elevated temperature

and the presence of a fluid film along the boundary (Lloyd and Freeman, 1994). The

driving force for grain boundary migration is the reduction of stored energy i.e.: the

energy of dislocations, point defects, subgrains and grain boundaries or a reduction of

chemical free energy (Lloyd and Freeman, 1994). Kinetics of migration depends upon

the magnitude of the driving force and the boundary mobility, which depends on the

impurities in the boundary structure, fluid effects and temperature. The formation of new

boundaries involves the progressive misoreintation of stationary subgrain boundaries or

by migration of a subgrain boundary though an area of cumulative lattice rotation.

Deformation must be heterogeneous for the necessary orientation gradients to develop

(Drury and Urai, 1990; Lloyd and Freeman, 1994; Stipp, 2002).

Subgrain rotational recrystallization is defined by Drury and Urai (1990) as the

predominant process involved in transformation of microstructure and the formation of

new high angle grain boundaries either by progressive rotation of subgrains or by sub-

boundary migration in a region of lattice curvature. The new grains are just rotated

portions of the old grains so they may have an internal defect structure inherited from the

old grain.

General migration recrystallization involves both grain boundary migration and new

grain boundaries as the dominant process involved in the transformation of the

microstructure (figure 4.2).
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'INCREASING DYNAMIC RECRYSTALLISATION

Figure 4.2: Schematic diagram showing the progression of subgrain/grain rotation to grain

boundary migration recrystallization: a) parent (original) grain (b) polygonal subgrain formation,

reducing grain size of parent grain (c) more subgrains forming on the outside of the relict parent

grain as well as new grain formation; subgrain formation in relict parent grain (d) new grain

growth, plus subgrains in relict grain (e) formation and growth of new grains (f & g) growth of all

new grains (h) new grain growth into surrounding microstructures with new subgrain formation and
growth (modified from Lloyd and Freeman, 1994)

Drury and Urai (1990) described five general migration recrystallization mechanisms.

The first of the mechanisms is continual migration and rotation recrystalization, which is

a combination of continual GBM and subgrain rotation; 2) Continual grain boundary

bulging and subgrain rotation, which involves the progressive development of grain

boundary bulges by non-uniform migration; 3) Continual rotation and discontinual

migration, which discontinual GBM is superimposed on the background rotation

mechanisms; 4) Continual rotation and migration with discontinual migration, where

microstructure continuously transformed; and 5) general recrystallization mechanisms

involving discontinual new grain development which occurs in three stages: i)

development of a deformation zone; ii) sudden growth of selected subgrains; iii) growth

of new grain nucleus. Hirth and Tullis (1992) described dislocation creep occurring in
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three different regimes. Regime 1 CKCurs at the lowest temperature, which have

characteristic inhomogeneously flattened original grains exhibiting an irregular patchy

undulose extinction, and very fine recrystallized grains along grain boundaries. Regime 2

occurs at increased temperatures (increased grain boundary mobility), and/or a decrease

in strain rate, and/or the addition of trace water displaying characteristic homogeneously

flattened grains, which exhibit sweeping undulatory extinction. Regime 3 occurs with a

further increase in temperature (increased grain boundary mobility), and/or a decrease in

strain rate, and/or the addition of trace water exhibiting recrystallized grains that are

larger than subgrains, and an absence of highly flattened original grains and a high

percentage of recrystalization.

Stipp et al. (2(X)2) defined different characteristic microstructures for rotational

recrystallization and grain boundary migration. At low temperatures Stipp et al. (2002)

defined bulges and recrystallized grains present along grain boundaries and microcracks

as bulging recrystallization (figure 4.3a). At intermediate temperatures subgrain rotation

recrystallization produces porphyroclastic ribbon grains and recrystallized subgrains

(figure 4.3b). At high temperatures grain boundary migration recrystallization occurs

producing irregular grain shapes and sizes and grain boundaries consist of interfingering

sutures (figure 4.3c).

Grain boundary migration and subgrain rotation recrystallization do not usually operate

independently (Stipp et al, 2002; Kruhl and Petemell, 2002). The distinction between

migration and rotational recrystallization mechanisms are; 1) for migration the newly

formed grains within the original grain's grain boundary will have crystallographic

orientations controlled by neighbouring grains, whereas; 2) for rotational the newly
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formed grains are derived from the original grain and therefore their crystallographic

orientations will depend on the orientation of the original grain (Lloyd and Freeman,

1994).

Figure 4.3: Illustration depicting the characteristic microstructures found in the main dynamic

recrystallization mechanisms of quartz defined by Stipp (2002). (a) bulging recrystallization (low

temperatures) (b) Subgrain rotation (c) grain boundary migration (modified from Stipp et al., 2002:

descriptions of microstructures in above text)
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4.4 Microfracturing and cataclasis

Microfracturing and cataclasis occur as a response to stress on the crystal lattice.

Microfractures are an important process in zones of major joints, precursor to shear

failure, and important as far as the study of stress directions (Onasch, 1990; Pestman,

1997). Closed microfractures have been used to provide information about thermal

history during deformation. Microfractures start as microcracks that are formed as a

result of stress that builds at points of concentration (grain boundaries, inclusions, pores,

twins, dislocations and earlier formed microcracks) (Onasch, 1990). Microcracks form

first (figure 4.4), grow, and then link up with other microcracks to form microfractures

and fractures. Chester and Lenz (2004) described that microcracks can be subdivided

into three types: 1) intragranular microcracks, which occur within a single grain and

form where the fracture strength of the grain is less than that of grain boundaries. 2)

Intergranular microcracks propagate around grains instead of through them, and are

favoured more in fine grained rocks. 3) Transgranular microcracks cut across adjacent

grains and mutual grain boundaries, and are favoured in conditions around strong grain

boundaries and similar cleavage orientations in neighbouring grains.

Figure 4.4: Images showing progressive cracking and fracturing in quartz sand under diagenetic

conditions, (a) original quartz sand (b) initial cracking (c) increasing concentration of microcracks

(d) large amount of cracking and fracturing (modified from Chester et al., 2004).

Cataclasis is pervasive brittle fracturing and granulation of rocks along faults and fault

zones. Cataclasis produces an aggregate of highly fractured grains and rock fragments in
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an even finer matrix which are able to flow by repeated fracturing, frictional sliding and

rigid body rotation of grains and fragments known as cataclastic flow (Davis and

Reynolds, 1996). Cataclastic rocks are characterized by pervasive cracks and generally

sharp, angular grains and fragments (Davis and Reynolds, 1996). Niemeijer et al. (2002)

experimentally compacted quartz sand at 400-600°C, at a constant pressure of 300MPa

with grain sizes 30-100 micrometers under wet and dry conditions. The experiments

under the dry conditions showed mainly fracturing, intergranular rearrangement,

dislocation or diffusion creep or subcritical cracking, however there was no evidence of

pressure solution. Under wet conditions microcracking and a strong grain size reduction

was found. The grains exhibited numerous truncated and concavo-convex grain-to-grain

boundaries (evidence of pressure solution). Both microcracking and cataclasis involve

differential stresses that exceed the rupture strength of the rock.

4.5 Summary

Dynamic recrystallization is the dominant dislocation flow mechanism that occurs as a

result of deformation. Although not related to dislocation, microfracturing is an

important process that acts on the quartz grains during the lower temperature

deformation, and during diagenesis of sandstones. Microfracturing/microcracking may

play an important role in determining deformation history. The concentrations of the

different types of microcracks/fractures (inter-, intra- and trans-) can help to determine

the strain history of the rock. The three types of dynamic recrystallization are coeval, and

have not been observed to occur independent of each other. Dynamic recrystallization is

dependent on temperature, therefore, each of the three different types occur
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systematically depending on the temperatures during deformation (bulging-low

temperature; rotation migration—intermediate temperature; grain boundary migration

—

high temperatures) (Stipp et al, 2002; Hirth and Tullis, 1992; Onasch, 1990). The

difficulty with dynamic recrystallization is that as the temperature increases, the

mechanisms become more destructive and overprint or eliminate existing

microstructures, limiting the determination of deformation history of the rock.
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Chapter 5. Methodology

Quartz rich rocks along a five kilometer transect of the La Cloche Syncline were studied

in detail along Highway 6, near Whitefish Falls, Ontario (figure 5.1). The scale of the La

Cloche syncline is on the kilometer scale, and is massive but fractured in some cases on

the mesoscopic scale. Hand samples were collected from the road cuts and accessible

outcrops on two separate field trips. Some outcrops were more accessible than others,

resulting therefore in an uneven distribution of hand samples from the northern to the

southern limbs of the LaCloche Syncline. Thin sections were cut perpendicular to the

EW strike of bedding and parallel to a sometimes visible down-dip lineation. Hence the

plane of the thin section is approximately north/south and vertical. A representative

number of the samples were also cut perpendicular to lineation to provide a three-

dimensional representation of the samples. The thin sections were sampled using a

rotating polarizer stage on a petrographic microscope and GeoVision, the computer

program that controls the rotating polarizer stage (Fueten, 1997). The system uses a

digital camera to capture images of the thin section through the microscope. The thin

sections were consistently oriented on the stage, and four sample images were taken from

different areas of the sections to get a better representative distribution of grains from

across the slides. Samples were taken using a 3mm field of view. After the images were

taken, the edges were calculated and carefully edited, erasing the false edges, and

manually drawing in missed edges. After the edges were edited the manual mineral ID

function was used to identify the quartz grains, and other minerals such as muscovite and
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biotite, plagioclase, with some units also containing kyanite and epidote. To calculate the

best-fit ellipse for each individual grain the inertia tensor function was used. The trend

and the plunge of the c-axis orientations were calculated for each individual quartz grain,

and because each individual grain is identified by X and Y coordinates the inertia tensor

and the c-axis measurements can be correlated using a merging program written by Jeff

Mason (2003). Once correlated, the data was then imported into Excel and Spheristat

(Pangea Scientific, 1995).
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Figure 5.1: Field study sample location map. The lithostratigraphic units of the Lorrain formation

are between the Gowganda Formation to the north and south, and a section of the Gordon Lake

Formation runs through the center of the syncline. All units are identified by the colour coding

outlined above (modified from Card, 1976).
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Chapter 6. Thin Section Data

6.1 Thin Section Descriptions

6.1.1. Introduction

The thin sections show the characteristic microstructures, changes in lithology and

deformation textures across the studied transect of the LaCioche Syncline. The thin

sections are described in order of the distance from the axial trace and differences and

similarities found between the northern and southern limbs of the described unit. Four of

the five units (described by Card, 1972; 1976; 1978; 1984; 1992; Card et al., 1977) are

described in detail: 1) The Feldspathic sandstone unit (pink unit in figure 5.1), is

characterized by the high amounts of plagioclase; 2) The micaceous sandstone unit

(yellow unit in figure 5.1), characterized by high muscovite and trace biotite content; 3)

The Ferruginous sandstone unit (green unit in figure 5.1), this unit is characterized by

heavy mineral sheets, and the first occurrence of kyanite; 4) White medium grained

sandstone unit (purple unit in figure 5.1), characterized by large amount of fracturing and

lack of mica and feldspar grains. The fine-grained sandstone is not included because of

the lack of outcrop for the northern limb.
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6.1.2. Feldspathic sandstone unit

The feldspathic sandstone unit (Pink unit in figure 5.1) contains the highest

amount of feldspar of all the studied units, with a visual estimate of approximately

25-50% and displays various degrees of plagioclase alteration, characteristic

pressure solution and plastic deformation quartz boundaries, varying grain size

and shape (which are described in detail in following chapters), and well as

varying mica content (18-22%). The quartz grains show pressure solution

boundaries (Figure 6.1a) with muscovite grains as well as with other quartz

grains. This unit also contains large quartz grains, which appear to have

undergone grain boundary migration, or complete dynamic recrystallization, at a

different deformation regime than what is currently observed, and are interpreted

as lithic fragments of previously deformed rocks (figure 6.1b-d). The feldspar

alteration in the plagioclase grains has a sauseritization (Figure 6.1e and f), and is

altered to sericite and epidote. The plagioclase grains are highly fractured, and

are infilled with muscovite mica. Muscovite is abundant in this unit. Weak to

moderately developed mica pressure shadows (primarily associated with feldspar

and larger lithic fragments), cleavage seams are predominantly parallel to

bedding, and pressure solution boundaries between quartz and plagioclase grains

are found in abundance throughout this unit. Other minerals identified in trace

amounts are biotite and oxidation staining (probably from trace hematite), and

opaques. Healed microcracks are found on larger plagioclase grains and a few of

the quartz grains.
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Figi re 6. 1: Images showing representative examples of different features that are unique in this

feldspathic sandstone unit. A) Pressure solution boundaries: black arrows pointing out

quartz/quartz, and white arrows showing quartz/muscovite pressure solution boundaries. B) A large

lithic fragment, outlined in yellow; notice the grain boundary migration (GBM ) in the grain in the

center of the image. C) Mica seams D) Detrital grain that appears to be totally recrystallized into

smaller grains. E) Altered plagioclase grain with epidote (high relief) and sericite (grayish, low relief)

in a sauseritization alteration. F) Same plagioclase grain as in (E) but in plane light. Field of view

1mm for all images.
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The feldspathic sandstone in the north limb is very similar to that in the southern

limb, however there are local variations. The mica pressure shadows are

associated mainly with the plagioclase grains. Sedimentary heavy mineral sheets

can be identified in the sections clearly under plane light (figure 6.2).

Figure 6. 2: One of the opaque mineral trails that had been identified in this unit. Field of view

3nun.

Field observations on the outcrops showed layers with large grains of quartz and

plagioclase up to 1cm in diameter (figure 6.3).
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Figure 6. 3: Outcrop scale layering of courser grains of quartz, plagioclase and other minerals.

Abundance of larger quartz and plagioclase grains are also seen in thin section.

6.1.3. Micaceous Sandstone Unit

The micaceous sandstone unit (yellow unit on figure 5.1) is described by Card (1977,

1984) as green micaceous sandstone or a feldspathic protoquartzite (see table 2.1 for full

description). Pressure solution appears to be the dominant deformation mechanism;

evidence of this is the abundance of quartz/muscovite and quartz/quartz boundaries

(figure 6.4a) showing the characteristic thicker, smooth edges of pressure solution

boundaries. The plagioclase grains are altered to epidote and sericite displaying the

sauseritization as seen in the feldspathic sandstone unit (figure 6. IE and F), and are

highly fractured (50-80% of grains), more so than in the feldspathic sandstone unit.
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Mica cleavage seams are found parallel to bedding, as are the healed microcracks that are

found on the larger plagioclase and quartz grains.

The northern limb was found to have minor differences with the southern limb.

There is a higher amount of larger epidote grains (figure 6.4E), in conjunction

with the epidote found associated with the saucering alteration of the plagioclase

grains. There is a higher concentration of fluid inclusion planes in the larger

quartz grains (figure 6.4F). Pressure solution still appears as the dominant

deformation mechanism, however, evidence of grain boundary migration is found

inside some lithic fragments (figure 6.4b and c). Microfractures were found in

quartz grains and appear to be infilled with mica/quartz as well as minor opaques

and hematite staining was also identified. A microfault was found, with a slight

displacement (figure 6.4d).
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Figure 6. 4: Images representing different features found in the Micaceous sandstone unit. A)

Pressure solution boundaries, both mica/quartz (white) and quartz/quartz (black). B) Center grain is

described as a lithic fragment, outlined in yellow that has undergone recrystalization. C) Another

lithic fragment, outlined in yellow that displays GBM within the grain. D) Shows the micro-fault

with the minor displacement. E) Healed microcracks. F) Arrows pointing out larger epidote grains.

Field of view 1mm for all images.
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6.1.4. Ferruginous Sandstone Unit

The ferruginous sandstone unit (green on figure 5.1) has significantly less mica content

than the micaceous and the feldspathic sandstone units. Plagioclase is only present in

trace amounts or absent from some sections. This unit contains the first appearance of

kyanite, and grains appear to be aligned parallel to bedding (figure 6.5A and B). Where

mica does exist it forms pressure shadows around quartz and kyanite grains (figure 6.5C).

Healed microcracks are present on most quartz grains, and are horizontal. There are

areas with a high concentration of small quartz grains that are clustered together, which

have been interpreted to be a completely recrystallized detrital quartz grains. Pressure

solution appears to be the dominant deformation mechanism; however there is evidence

of grain boundary migration occurring more than in the other previously described units.

There are a greater number of opaques (most likely hematite, as described by Card,

1978), and trace lithic fragments, which appear to be affected by the recent deformation

events. Evidence supporting a more iron rich unit in thin section is the iron staining seen

in plane light (figure 6.5d), however the outcrop displayed visible heavy mineral layers.

The unit in the north is very similar to that in the south. Healed microcracks are found

mainly to be perpendicular to bedding (figures 6.5E and F), however some appear to be

parallel to bedding. There are small, recrystallized quartz grains mixed in with the mica

grains. Mica pressure shadows and cleavage seams are also found. In this section there is

also a sample that is very different than the rest of the unit, it appears to be highly

foliated, possibly affected by more local strain than the surrounding rocks of that unit.
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Figure 6. 5: Images show a representation of features found in the Ferruginous Sandstone unit. A)

Kyanite grain in cross polars; B) Same kyanite grain as in (A) shown in plane light; C) Mica

pressure shadow around quartz grain; D) Hematite staining and opaques in plane light; E)

Microcracks propagating in both parallel and perpendicular to bedding; F) High concentration of

healed microcracks and evidence ofGBM (arrow). Field of view Inun for all images.
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6.1.5. White Medium Grained Sandstone Unit

The white medium grained sandstone unit (purple unit figure 5.1) has a lower content of

mica, lack feldspar grains with respect to the micaceous and feldspathic units. A large

amount of fracturing characterizes this unit. The mica present forms cleavage seams in

between quartz grains and surround the kyanite, epidote and opaques also found in this

unit. Grain boundary migration is a pervasive deformation mechanism, identified by the

serrated grain boundaries, extensive subgrains and the abundance of small 'clean' grains

(figure 6.6A). Evidence for pressure solution is found, but primarily in the smaller

grains, and at quartz/mica boundaries. The fractures in this unit range from healed

microcracks to larger scale microfractures that have been infilled with quartz and

muscovite. The healed microcracks are found oriented primarily perpendicular to

bedding, but some are oriented parallel in the same grains (figures 6.6B and C). The

larger microfractures (figure 6.6D) range from 0.1 nmi to greater than 3mm in length, and

0.1mm to about 0.5mm in width in some thin sections. The northern section of this unit

is very similar to that of the south. Andalusite occurs, along with Kyanite grains (figures

6.6E and F).
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Figure 6. 6: Images representing features in the White Medium grained Sandstone. A) Showing the

large amount of GBM; B) Showing high concentration of healed microcracks in the grain in the top

left corner; C) Large microfractures cutting across the image; D) Healed microcracks in a few

different orientations. E) Kyanite (ky) and andalusite (an) grains under cross-polarized light; F)

Same kyanite and andalusite grains as in (E) under plane polarized light. Field of view 1mm for all

images.
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6.1.6. Inherited Deformation

As stated earlier, the Lorrain formation deformed under low-grade greenschist

metamorphism, giving rise to characteristic deformation mechanisms working in that

regime. Evidence was found of isolated grains that displayed significantly more

deformation in the micaceous sandstone unit, than the pressure solution and minor plastic

deformation normally present. These grains were identified as lithic fragments, and are

thought to be a result of earlier deformation acting on the Archean basement before

and/or during the Huronian Supergroup sedimentation. The lithic fragments (examples

figure 6.4b and c) show complete recrystalization in figure 6.4b, evidence of dynamic

recrystalization and grain boundary migration within the individual grain. Figure 6.4c

shows another quartz grain that displays serrated edges identified with grain boundary

migration, again with in the individual grain. It was decided that the deformation

displayed in these lithic fragments were from an earlier deformation event because there

is evidence of pressure solution boundaries (both mica/quartz and quartz/quartz) acting

on the edges of the detrital grains. This is evidence that an earlier, higher grade

deformation event acted on the Archean basement before the deposition of the Huronian

Supergroup 2.2-1.85 Ga showing preserved Pre-Huronian deformation.
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6. 1. 7. Microcracks and Microfractures

Evidence of microcracks and microfracturing in quartz grains was primarily found in the

ferruginous (figures 6.5e-f) and white medium grained sandstone units (figures 6.6b,c &

d). The microcracking and fracturing are predominantly oriented perpendicular to the

bedding indicating compressional stress affecting the units. Both transgranular and

intragranular microcracks and larger scale microfractures were observed in the

ferruginous and white medium grained sandstone units. There is evidence that there

could have been more than one event of microfracturing, some of the larger lithic

fragments displayed intragranular microfractures that were oriented in different directions

(figure 6.5e). Larger scale microfractures, up to about 5mm long, and 0.5mm wide at the

largest, were observed. Other microfractures propagated through one or two grains. Most

of the microfractures were infilled with quartz and muscovite, others appeared not to

have any infill, or were too small to determine the composition of the infill, hi the

feldspathic and micaceous sandstone units there was only minor evidence of

microcracking. The microfracturing that was observed however was that of the

plagioclase grains, which was abundant.

The regional consistency of the observed microcracks and microfractures suggests that

they most likely formed during the later stages of the deformation.

In summary, the mineralogy, textures and main deformation mechanisms for each of the

lithostratigraphic units are outlined in Table 6.1.
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6,2 Data extractedfrom GeoVision

The figures and tables presented in this section will be discussed in full detail in the data

analysis section of this thesis, other graphs and tables may be referred to, but are included

in the appendices. Most of the data is presented as histograms (area, angle and aspect

ratio); the c-axis orientations were plotted using Spheristat, a computer program that

generates Schmidt net density distributions. Within GV (GeoVision) all calculations are

made in pixels, with scaling depending on the field of view of the image captured.

Hence, all size related data were extracted in pixels. All sections were sampled using a

3mm field of view with each image having a width of 1024 pixels. The edge of a pixel is

0.(X)29296 mm long, and a pixel represents an area of 8.58 x 10'^ mm^. For simplicity

and to avoid rounding errors, all calculation were performed using pixels. Table 6.2

provides a summary of the whole data populations of each of the individual units North

and South of the LaCloche Syncline.
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6.2.1. Grain Size

The grain size was measured in pixels using GeoVision as the area, rather than as grain

diameter in mm, to allow for a more accurate grain area. For each of the

lithostratigraphic units, histograms were generated. The feldspar rich unit in the north

shows average grain sizes in the range of 200-400 pixels, and the south unit shows

average grain sizes in the range of 150-450 pixels, shown in figure 6.7. About 16% of

the grains in the northern section of the unit are larger than 2000 pixels, and about 12% of

grains are larger in the southern section of the unit. The cut off of 2000 pixels was

chosen since 85-90% of grains were smaller than 2000 pixels, so that the last 10-15% was

grouped into the 'more' bin. The statistical summary gave mean grain size values of

1551.2 pixels in the north and 979.8 pixels in the South. The cumulative % histograms

(figure 6.8) showed a more distinct difference between the north and the southern limbs.

Feldspathic Sandstone Unit Average Grain Size North and South Limbs

-average area North

-average area South

area (pixels)

Figure 6. 7: Area frequency histogram for the feldspar rich sandstone member showing the average

area frequencies across the northern and southern limbs of the LaCloche Syncline based on cross

sections. Notice the peaks between 100-300 pixels, and the peak for grains larger than 2000 pixels.

Total number of grains: North 4576; South 1217. Total number of slides: North 9; South 2.
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Cumulative % frequency for Feldspathic Sandstone North and South Limb
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Figure 6. 8: Cumulative percentage comparison graph for the north and south limbs of the

feldspathic sandstone. Notice that the southern limb shows a higher percentage of smaller grains

than that of the north. Total number of grains: North 4576; South 1217. Total number of slides:

North 9; South 2.

The micaceous sandstone (yellow on the map in figure 5.1) indicates that the overall

average grain size in the North and the South are similar, however, the Northern section

shows a smaller grain size than that of the Southern unit (Figure 6.9). The statistical

summary of this unit gave a mean grain size of 1607 pixels in the North and 885.6 in the

south. This unit also shows a higher amount of grains larger than 2000 pixels than

smaller grains in the northern unit, and a lower percentage of larger grains in the southern

unit. The cumulative percentage (figure 6.10) indicates that the southern limb has a

higher percentage of small grains than in the northern limb.
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Micaceous Sandstone Unit Average Grain Size North and South Limbs
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Figure 6. 9: area frequency histogram for the micaceous sandstone member showing the average

area frequencies across the northern and southern limbs of the LaCloche Syncline. Notice the peaks

between 100-300 pixels, and the peak for grains larger than 2000 pixels. Total number of grains:

North 2661; South 7194. Total number of slides: North 8; South 9.
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Figure 6. 10: Cumulative percentage comparison graph for the north and south limbs of the

micaceous sandstone. Total number of grains: North 2661; South 7194. Total number of slides:

North 8; South 9.

The ferruginous sandstone unit (green on the map in figure 5. 1) area relationship is

similar to that of the other units (figure 6.1 1). The statistical summary resulted in a mean

grain size of 958.3 pixels and 696.3 pixels in the north and south respectively.
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Farruginous Sandstone Unit Average C^ain Size North and South Limbs
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The white medium grained sandstone unit (purple on map in figure 5.1) has the highest

percentage of smaller grains in both the northern and southern sections. Statistical

summary resulted in a mean area of 883.8 pixels in the north and 804.7 pixels in the

south. The percentages of grains larger than 2000 pixels are both around 10%.

Cumulative percentage graph, figure 6.14, shows the difference between the limbs more

distinctly.
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Cumulative %frequency for White Medium grained Sandstone North and South

Limb
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Figure 6. 14: Cumulative percentage comparison graph for the north and southern limbs of the

white medium grained sandstone unit. Total number of grains: North 8489; South 2405. Total

number of slides: North 10; South 3.

6.2.2. Grain Shape (Aspect ratio)

Frequency histograms for each of the Hthostratigraphic units of the Lorrain Formation

indicate variations between north to south Hmb as well and between units. The

feldspathic unit in the north and the south are similar, with the north peak between 1.5:1

and 2.5:1, while the south peak is betweenl.5:l and 2:1. Summary statistics give average

aspect ratios of 1.732 and 1.766 from north to south respectively, which is close to the

values taken from the frequency histogram shown in figure 6.15. The micaceous

sandstone units' aspect ratio frequency histogram (figure 6.16) gives an aspect ratio range

of 1.5-2 in both the north and the south sections. The statistical summary resulted in

average aspect ratios of 1.730 in the north and 1.729 in the southern section; which did

not give a conclusive comparison between the north and the south limbs.

The frequency histogram (figure 6.17) for the ferruginous sandstone member shows the

south having slightly more elongated grains than that of the north, with a range of 1.5-2

in the north and 1.5-2.5 in the south.
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FeldspathJc Sandstone Unit average G^ain Shape North and South Limbs
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Figure 6. 15: Aspect ratio frequency histogram for the feldspar rich sandstone member. The

differences between the north and the south limbs are quite minor, grains than that of the northern

Umb. Total number of grains: North 4576; South 1217. Total number of slides: North 9; South 2,
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Figure 6. 16: Aspect ratio frequency histogram for the micaceous sandstone member. The

differences between the north and the south limbs are quite minor. Total number of grains: North

2661; South 7194. Total number of slides: North 8; South 9.

Summary statistics gave average aspect ratio values of 1 .693 and 1 .702 from north to

south respectively. The frequency histogram that represents the data of the white

medium grained sandstone member is illustrated in Figure 6.18. The north and southern

curves are almost identical in this unit with an average aspect ratio of between 1.5 and 2

estimated from the frequency histogram. The statistical summary resulted in average
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aspect ratio results of 1.709 in the north and 1.681 in the south, however this contrasts the

frequency histogram results slightly, since the southern curve is shifted slightly to the

right, indicating more elongated grains.

Ferruginous Sandstone Un ft Average Grain Shape, North and South Limbs

3 3.5 4 4.5

Aspect Ratio

more

Figure 6, 17: Aspect ratio frequency histogram for the ferruginous sandstone member. The

differences between the north and the south hmbs are quite minor. Total number of grains: North

7723; South 1367, Total number of slides: North 8; South 2.

White Medium Grained Sandstone Unit Average Grain Shape,

North and South Limbs
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Figure 6. 18: Aspect ratio frequency histogram for the white medium grained sandstone member.

The differences between the north and the south limbs are quite minor. Total number of grains:

North 8489; South 2405. Total number of slides: North 10; South 3.
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6.2.3. Grain Orientation

The orientations of the long axis of the quartz grains were analyzed in order to determine

how the grain shape ellipse was oriented in the individual fold limbs. These angles of the

long axes were plotted in histograms showing the preferred orientation of the grain fabric

in the individual limbs. All figures are presented using a coordinate system in which 0°

is horizontal, pointing North, 90° is vertical, pointing up and 180° is horizontal and

pointing towards the South. The histogram in figure 6.19 is a representation of the grain

orientation fabric for the feldspathic sandstone member in each of the individual northern

and southern limbs. The statistical summary results gave an average of 93.56° in the

north and 81.77° in the south limb, showing that the grains in both limbs are slightly

tilted towards the north, but the southern limb in the feldspathic unit has a stronger

preferred grain orientation than the northern limb.

Feldspattiic Sandstone Grain Orientaiton, North and South Limbs
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Figure 6. 19: Grain orientation for the feldspathic unit. The southern limb shows a stronger

preferred grain orientation than the northern limb. Total number of grains: North 4576; South

1217. Total number of slides: North 9; South 2.
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The grain orientation for the micaceous sandstone member (figure 6.20) shows an

average of 90.51° and 86.03° in the north and south limbs respectively and indicates that

the southern limb has a stronger preferred grain orientation than the northern limb.

Micaceous sandstone Grain Orientation, North and South Limbs
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Figure 6. 20: Grain orientation for the micaceous sandstone unit. The southern limb shows a

stronger preferred grain orientation than the northern limb. Total number of grains: North 2661;

South 7194. Total number of slides: North 8; South 9.

The ferruginous sandstone unit (figure 6.21) southern limb has a stronger preferred grain

orientation than that of the northern limb. Statistical summary results show average angle

values of 92.31° and 84.59° in the north and the southern limbs respectively. Figure 6.22

shows grain orientations for the white medium grained sandstone member. The curves are

very similar, and show very little variation between the north and south limbs. Statistical

summary results showed average values of 86.56° and 86.52°, north to south respectively.

In summary, for all but one unit the grains are more elongated in the southern limb than

in the northern limb. The majority of the grains are aligned vertically in all of the units.
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south limb and one unit having grain orientations that do not show any variants between

the respective limbs. r

6.2.4. Preferred C-axis Orientation

The c-axis shows varying degrees of preferred orientations across this transect of the

LaCloche syncline. Figure 6.23 illustrates the orientation of the Schmidt nets which are

all aligned in a north/south vertical plane, with the 0-180 axes of the net being vertical

and north at the top. Preferred orientations generally occur as maxima within the net,

rather than the more commonly discussed girdles.

O-venkal (top)

North 90 degrees-horizontal (South)

bottom

Figure 6. 23: Schematic diagram representing the orientation of the cut thin sections, and the

relationship to the following Schmidt nets.
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The preferred orientation found in the feldspathic unit is illustrated in figure 6.24. A

stronger preferred orientation is found across the southern unit of the micaceous

sandstone unit. While each of the northern samples has a preferred orientation, and no

general trend is observed (figure 6.25). The nets in the north show a general preferred

orientation across the ferruginous sandstone unit, but a more random orientation in the

southern unit (figure 6.26). The white medium grained sandstone unit shows a general

preferred orientation across both the northern and southern units as seen in figure 6.27.

The c-axis orientations are discussed further in Chapter 8.
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05-55 05-68

NORTH
SOUTH

05-13 05-14

Figure 6. 24: c-axis orientations Schmidt nets for the feldspar rich unit (pink unit in figure 5.1).

Notice that there is evidence of preferred orientations in both across the north and the southern

limbs of the La Cloche syncline. Red solid lines indicate strongest preferred orientation direction,

where the dashed red line shows nets with a possible alternate preferred orientation.
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04-35 05-79 05-87 05-90

NORTH
SOUTH

05-03 05-06

Figure 6. 26: c-axis orientations Schmidt nets for the ferruginous sandstone unit (green unit in figure

5.1). Notice that there is evidence of preferred orientations across the northern hmb and more
random orientations in the southern limb of the La Cloche syncline. Red solid lines indicate

strongest preferred orientation direction, where the dashed red line shows nets with a possible

alternate preferred orientation.
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Table 6.3 summarizes the maxima seen in both the southern and northern limbs across the

units.
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6.2.5. Mica Content

The mica percentage across the LaCloche syncline varies both regionally and locally.

The percentage of mica was measured using GeoVision. The threshold was used on the

grayscale gradient image (figure 6.28B) making the areas of mica black, or white (figure

6.28C and D respectively), if the reverse function, which converts the image to a

negative, was used. This study used the reverse function, having the areas of mica black,

which was the 'zero' value in the histogram data. The correct threshold values were

visually estimated between threshold values of and 255, to isolate the mica rich areas.

In this study the reverse threshold function was used, and all the mica values were black,

while the quartz grains remain in greyscale values (figure 6.28B). After the threshold

was set, a histogram of the grayscale values of image (figure 6.28E), was saved as a text

file (figure 6.28F) for analysis in Excel. The number of pixels with '0' intensity (black)

represent the amount of mica, and the sum of the other values, represent the amount of

other minerals (figure 6.28F). The amount of mica and other minerals were added to get

a total for the sample, which was used to calculate the percentage of mica in each of the

samples. Individual percentage values for the slides in each of the lithostratigraphic units

were averaged for the northern and the southern limbs, table 6.3, then graphed, figure

6.29. The difference in the north and south limbs for the Ferruginous Sandstone unit

maybe a result of a small number of slides studied in the southern limb.

Lithostratigraphic unit
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Average Mica Percentages

Feldspathic Micaceous Ferruginous White White Ferruginous Micaceous Feldspathic

N N N Medium Medium S S S
Grain N Grain S

lithostratigraphic units E""^'^ Percentage]

Figure 6. 29: Average mica percentages for each of the lithostratigraphic units studied for the

Lorrain formation.

6.2.6. Data Summary

The thin section descriptions outlined key features that were found within each individual

unit. The feldspathic unit had large amounts of plagioclase with various degrees of

alteration to sericite and epidote in a saucering effect; a high amount of muscovite is

found, and detrital quartz grains with GBM are abundant. The micaceous sandstone unit

has a high percentage of muscovite, some plagioclase with higher degrees of alteration,

and GBM is found in the large quartz grains. Closer to the core, in the ferruginous

sandstone unit, kyanite is first identified; healed microcracks become more common, and

the percentage of muscovite decreases. Kyanite and andalusite are found in the white

medium grained sandstone, microcracking and fracturing is found in high percentages

and muscovite content is very low. Pressure solution boundaries appear in the

feldspathic, micaceous and ferruginous sandstone units, and both PS and GBM

boundaries are found in the white medium grained sandstone.
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The grain size appears to have peaks in the 100-300 pixel range in all units, with higher a

percentage of larger grain size in the north, and smaller in the south. Across the whole

transect of the syncline, the grain shape across all of the units appears to have a higher

aspect ratio in the southern limbs than in the northern limbs. The grain orientation in all

but one case is more highly preferred in the south than in the northern limbs. All grain

orientations indicate a tilt towards the north and in two of the three units the tilt towards

the north (long axis plunge towards the south is shallower) is stronger in the south limb.

Preferred crystallographic c-axis orientations vary throughout the units across the

syncline, but the concentration of peaks is far more pronounced in the northern limb

which appears to have preferred orientations in the southern limb units.
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Chapter 7. Estimation of the volume of dissolved

quartz

Evidence of pressure solution is the most conspicuous in the feldspathic, micaceous and

ferruginous sandstone units; however the amount of quartz lost can not easily be

determined. A simple model for estimating the amount of quartz lost in a particular thin

section was used to gain an understanding of the approximate volume that might have

been dissolved. Since the aspect ratios of all grains have been calculated, it is possible to

calculate the volume loss if certain assumptions are made. The primary goal of these

calculations is to yield rough estimates of the volume that may have been dissolved

during the deformation. Since there is little evidence of local re-precipitation in the form

of mesoscopic and macroscopic vein networks, it is assumed that the dissolved quartz has

been lost from the area examined in the thin section. Volume loss calculations are

presented using two different sets of assumptions.

The simplest assumptions are:

1) that the original grains were equant (1:1) and any deviation from spherical is due to

volume loss, and

2) the original radius is now the long axis of the aspect ratio, and no changes have

occurred along this axes.

The equation of a circle thus defines the shape of a quartz grain before deformation:

A=7ir^ (equant grain calculation) and this series of calculations will most likely reveal an

over estimation in volume loss, since it is known that sand grains are not circular.
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The second is based on the assumption that the original shape of the quartz grains is

known. Measurements of real grains indicate that the shape of detrital grains of quartz is

elliptical, and suggest that the average shape of a grain of detrital sand is 0.68:

1

(Griffiths, 1967, assumption of long axis is 1), equivalent to an aspect ratio value of

approximately 1.5:1. The assumptions that can then be made are:

1) grains with aspect ratios greater than 1.5: 1 have lost volume.

2) the current long axis of a grain is the original axis and has not been modified.

These assumptions are more realistic, but do not easily account for grains with current

aspect ratios less than 1.5. We therefore, assume in addition, that these grains have not

lost volume. This assumption is justified because in most samples the percentage of

grains affected by this assumption is low and any error introduced by this assumption is

likely minor given the overall uncertainty of the calculation. This calculation is presented

as the 'elliptical grain' calculation.

In both cases the assumptions that one current axis has not changed results in an

underestimate of the total volume lost. Calculations for both assumptions are presented.

The equation for the equant grain is derived from the area of a circle, which defines the

shape of the original grain before deformation: A=7ir^, where 7i~3.14159, and r relates to

the a-axis, which are the LI values calculated from GV.

The equation for the elliptical grain is derived from the area of an ellipse, which defines

the shape of a quartz grain before deformation: A=7rab (figure 7.1).
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A=7rab

A = Area

jr = -3.14159

a = /I -axisa = /I -axis 1

b = fi-axis
|-'*'»««=^<^^CFf

Figure 7. 1: The equation of an ellipse: A=nab, as defined in the figure.

The following assumptions are made to calculate the pre-deformed area: 1) The current

area/shape measured is post-deformational; 2) the long axis (a) has remained constant

throughout the deformation; 3) the short axis (b) is variable and decreased throughout the

deformation. The calculation restores the short axis to the presumed pre-deformation

value. For the calculations, the current area (measured in pixels) and the aspect ratio

values extracted from GeoVision were used. The 'original area' (Ao) needed to be

calculated in order to determine the dissolved amount of quartz. Based on the

assumptions stated above the original area of the elliptical quartz grains is calculated as

outlined in figure 7.2 below:
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Ao = original area

jt~ 3.14159

ji = 0.68, the mean ratio

(Griffiths, 1967)

a = A-axis (measuredfrom
GV)

Figure 7. 2: Equation for the Original area of a quartz grain before deformation.

To account for grains with an aspect ratio greater or equal to 1.5: 1 in some way, two

calculations were used: 1 ) The percent of quartz lost as a function of grains greater than

or equal to 1.5; and 2) The percent of quartz lost, assuming no change in grains with an

aspect ratio less than 1.5.

The percent of quartz dissolved is determined by dividing the total sum of the current

area (A) (calculated by GeoVision) and the original area (Ao), which are shown by the

blue lines on the following figures 7.3-7.6. In order to try and accommodate grains with

aspect ratios less than 1.5, the sum of their area (A) and their percentage as total % of

quartz was calculated. Their area was added to the assumed 'original' total (Ao), and the

amount of quartz lost was expressed as a percent of the total amount of quartz present in

the slide. These additional calculations did not easily give a more realistic representation

for the total amount of quartz, as the main assumption stated the long axis remained

constant; this created a series of values that appear to have gained volume, which is not

the case. The amount of quartz lost as a result of pressure solution in each of the slides,

which are the red graphs in figures 7.3-7.6 below.
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Feldspathic Sandstone North and South Limb, Pressure Solution Comparison
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Figure 7. 3: Graph illustrating the % of quartz lost for grains in the feldspathic sandstone unit with

an aspect ratio (AR) >1.5. Blue represents % quartz loss using the equant grain calculation and the

red represents % quartz loss using the elliptical grain calculation in each of the slides. The red

dashed line is the divider between the slides north (N) and south (S) of the axial trace.
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Micaceous Sandstone North and South Limb, Pressure Solution Comparison
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Figure 7. 4: Graph illustrating the % of quartz lost for grains in the micaceous sandstone unit with

an aspect ratio (AR) ^1.5. Blue represents % quartz loss using the equant grain calculation and the

red represents % quartz loss using the elliptical grain calculation in each of the slides. The red

dashed line is the divider between the slides north (N) and the south (S) of the axial trace (blue) and
the total % of quartz lost in each of the slides. The red dashed line is the divider between the slides

north (N) and south (S) of the axial trace.
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Figure 7. 5: Graph illustrating the % of quartz lost for grains in the ferruginous sandstone unit with

an aspect ratio (AR) ^1.5. Blue represents % quartz loss using the equant grain calculation and the

red represents % quartz loss using the elliptical grain calculation in each of the slides. The red

dashed line is the divider between the slides north (N) and the south (S) of the axial trace (blue) and

the total % of quartz lost in each of the slides. The red dashed line is the divider between the slides

north (N) and south (S) of the axial trace.

White Medium Grained Sandstone North and South, Pressure Solution

Comparison

"S^

• % quartz loss (equant grains)
• % quartz loss (eliipticaigrains)
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Figure 7. 6: Graph illustrating the % of quartz lost for grains in the white medium grained

sandstone unit (purple) with an aspect ratio (AR) ^1.5. Blue represents % quartz loss using the

equant grain calculation and the red represents % quartz loss using the elliptical grain calculation in

each of the slides. The red dashed line is the divider between the slides north (N) and the south (S) of

the axial trace (blue) and the total % of quartz lost in each of the slides. The red dashed line is the

divider between the slides north (N) and south (S) of the axial trace.
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In Summary, as expected, the percentage of quartz lost in grains using the equant grain

calculation is higher than that for the elliptical grain calculations. The results are further

discussed in chapter 8.





90

Chapters. Discussion

8.1 Observations in Thin Sections

According to Card (1972; 1976; 1978; 1984; Card et al.l977) the complete

lithostratigraphic sequence is present in each fold limb. Observations of the outcrops

along the studied transect, and thin section observations show similar characteristics in

each of the identified lithostratigraphic units. The bedding in the Lorrain is subvertical to

vertical, has a preferred grain orientation and mica cleavage seams are abundantly seen in

thin section. In the study, evidence of increasing strain and deformation features closer to

the axial trace of the syncline were observed, hi the outer most sections of the north and

south limbs, lithological and deformational features suggest lower amounts of strain.

8.2 Size, shape and orientation of quartz grains

Deformation in the southern limb is slightly higher than in the northern limb, and the

statistical results presented in chapter 6 are as follows. The grain size through all the

units appears to have peaks in the 100-300 pixel range, with a higher percent frequency

of smaller grains occurring in the southern limb than in the northern limb (figure 8.1). It

cannot be ruled out that differences in grain size are due to depositional difference.
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40

Average Area Comparison of North and South Limbs

• North average
South average

.#
area (pixels)

Figure 8. 1: Average grain size % frequency graph for the north and south limbs

Overall, the average grain shape aspect ratio (figure 8.2) increases with proximity to the

axial trace of the syncline, and there is an overall trend for the southern limb to have a

slightly higher aspect ratio value than the northern limb. While it may be possible that

highly elliptical grains could preferentially be deposited in the south limb, it is more

likely that the increase in aspect ratio observed in the south limb is the result of

differences in deformation.

45

Average Grain Shape Orientation (aspect ratio) Comparison of North and South

Limbs
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The average grain orientation (figure 8.3) shows grains in both limbs tilting slightly

towards the north, but the southern limb is inclined more than the northern limb. The

argument can be made for the south limb being more deformed in a later south over north

compressional event like the 1450 Ma event described by Fueten and Redmond (1997).

Average Absolute Grain Orientation Comparison of the North and South Limbs

12

10

8
& 6
«

S« 4

North average

South average

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

angle (degrees)

Figure 8. 3: Average % frequency for grain orientation for the north and south limbs.
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8.3 Preferred c-axis Orientation

Evidence of plastic deformation in the units was primarily found in the ferruginous and

white medium grained sandstone units, displaying well-developed subgrain boundaries,

serrated/crenulated grain boundaries (figure 6.6a) and the abundance of microcracking

and microfracturing (figures 6.6b,c & d; and will be discussed in more detail later).

Plastic deformation features are evident in the outer limb units, but these seem to be

confined to isolated large quartz grains that have an earlier deformational event

preserved, giving more evidence that strain was greatest closest to the axial trace of the

syncline.

The preferred crystallographic c-axis results are not as conclusive as those of the other

statistical analyses. Fabrics do show an asymmetry as indicated in crystallographic

preferred orientations (CPO) of maxima (figure 8.4). While this asyrmnetry cannot easily

be compared to single and type II girdle fabrics (Fueten, 1992) the most likely reason for

the development of a strong preferred orientation is as a result of plastic deformation.

Plastic deformation did not appear to have been pervasive enough to produce fabrics

comparable to those produced in more recrystallized quartz mylonites. The simplest

explanation for the presence of the preserved fabrics is that they were produced during

the folding process, as a result of shearing on the limbs.
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Figure 8. 4: Average combined North and south comparison of CPOs in each of the described units,

notice the same asymmetry across the fold. Red solid lines indicate strongest preferred orientation

direction, where the dashed red line shows nets with a possible alternate preferred orientation.

If fabrics were produced during the folding, one might expect differences between the

north and south Umb since the sense of folding induced shearing in the two limbs differs.

Crystallographic preferred orientations (CPO) deformed at greenschist facies conditions

form three different CPO patterns: 1) Type I crossed girdle; 2) Type II crossed girdle

and; 3) single girdle patterns. Figure 8.5 illustrates the ideal skeletal girdle fabrics of the

three types stated above. Across the LaCloche syncline observed CPOs are interpreted

as having some of the characteristic of Type II and single girdle fabrics. The peak of the

observed maxima is primarily observed to be within the NE quadrant of the net. This

asymmetry is considered to be similar to the asymmetry that would be exhibited by S
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over N displacement, if plastic deformation had been intense enough to produce standard

girdle fabrics.

N
Z Single Girdle Fabric

Z Type I Crossed Girdle Fabric

Z Type II Crossed Girdle Fabrk

Figure 8. 5: Sketch of CPO fabrics characteristic of Greenschist facies type deformation (modified

from Fueten, 1992)

The c-axis preferred orientations across the transect showed that they were uniform

across the syncline, not compatible with simple fold induced asymmetry, therefore, a fold

fabric model is proposed to explain the current fabrics across the LaCloche syncline.

The following assumptions are made:

• c-axis orientations are random

• Shear is bedding - parallel

• More than one deformational event occurred, and that in the first event c-axis

orientations and slip systems found in first order folding.
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• Horizontal units undergoing horizontal late stage deformation from the north and

south (with more deformation in the south)

The fold fabric model (figure 8.6) shows the expected fabric of a fold, and compares it

with the observed fabric identified across the LaCloche Syncline. In the expected fold

fabric, there is some alignment of grain orientation, which the fold layers display opposite

sense of asymmetry. The c-axis orientation nets are expected to show opposing sense of

asymmetry on either side of the axial trace. The LaCloche syncline displays a different

fabric than the expected typical fabric associated with folding. The grains are more

aligned (shown in Figures 6.19-6.22 and 8.3-8.4). The shear sense is not opposite as

expected in a typical fold, the shear sense is similar on both limbs, and the grain

orientation is more aligned, and aligned uniformly across the entire fold.
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which could account for the change in c-axis orientation and flip of the southern limbs

slip system; 4) a completely unrelated deformation event acted on the syncline

overprinting any existing fabrics.

These are all suggestions of possible events that caused the uniform preferred c-axis

orientations, grain orientation alignment and the south over north sense of the grain

boundary sliding across the fold. The most probable of the four possibilities is that of the

first one, as the orientation that would be expected from shearing would also be the same

as illustrated in figure 8.6 (A), therefore, if the c-axes have rotated due to the late

compressional event, it could have also rotated the grains within the northern limb.

However, whatever sequence of events leading up to the current state of the syncline, the

current fabric cannot be attributed to the initial compressional folding stage of

deformation of the Lorrain.

8.3.1. Pressure Solution

Pressure solution boundaries were found in abundance (both quartz/quartz and

quartz/muscovite boundaries shown in figures 6.1a and 6.4a) in the ferruginous and

micaceous sandstone units.

In Chapter 7, the equant grain and elliptical grain calculations were introduced. These

calculations are a representation of the amount of quartz lost across the LaCloche

Syncline as a result of pressure solution. The averages of each of the lithostratigraphic

units for both calculations were calculated and graphed. Table 8.2 below gives a

summary of the overall averages calculated for % quartz lost (AR>1.5) that were used in

the following graphs.
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Unit
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Figure 8. 7: The average % of quartz lost for each of the lithostratigraphic units: feldspathic unit,

micaceous sandstone unit, ferruginous sandstone unit and the white medium grained sandstone unit

in the north (N) limb.
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Figure 8. 8: The average % of quartz lost for each of the lithostratigraphic units: feldspathic unit,

micaceous sandstone unit, ferruginous sandstone unit and the white medium grained sandstone unit

in the south (S) limb.

The abundance of muscovite may be acting as a catalyst for pressure solution

along the quartz/mica boundaries as described by (Weyl, 1959; Renton, 1969; Rutter,

1976, 1983; Houseknecht 1984, 1987; Bjorkum, 1996). Table 8.3 below gives a summary

of the numerical data that is used for the comparisons, as well as in the following graphs.
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There is no direct relationship between the mica percentage and the percent silica lost

(figure 8.9).

Unit
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amount of strain that is acting on the unit, and consequently has plastic deformation as

the most apparent deformation mechanisms, not pressure solution, therefore the

relationship between the percent mica and quartz lost is not as clear in this unit, as in the

others discussed above.

% mica content and % quartz lost

Felds|}athic Micaceous Ferruginous White Med Wliite Med Ferruginous Micaceous Feldspathic

^'- ^'-
P<h-%mica

Ithostratigraphic units
_fl|_ o/^ quartz lost

Figure 8. 9: Average mica percentage graphed against the percentage of quartz lost. The data is

presented across the transect of the LaCioche syncline, from the northern most limb to the southern

most limb.

Generally there appears to be an inverse relationship between the percent mica

and the average percentage of quartz lost. This may suggest that the mica reduced the

effectiveness of pressure solution, possibly by making grain boundary sliding more

effective. Overall, the data suggests that on the order of 30% of the original quartz

present within these units has been lost. By comparison Kawabata et al. (2007)

documented volume loss of 13-50% within a shale while Goldstein et al.(1998) used

graptolites and determined a volume loss of up to 80% volume. The rocks of this study

most closely resemble the quartz arenites studied by Onash (1994). He documents an

average volume loss of 30% volume loss by calculating pressure solution strains from the

geometry of interpenetrated and truncated grains.
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The southern limb, on average has lost more quartz than the northern limb, with the

ferruginous sandstone unit showing a peak in percent quartz lost of about 53% and mica

percentage of about 12%.
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Chapter 9. Conclusions

This study of the Lorrain Formation, through thin section analysis and statistical analysis,

documents variations in lithology, area, grain shape, grain orientation, and c-axis

orientation, as well as variations in deformation across a regional fold. A number of

systematic variations were identified across the La Cloche syncline. The

lithostratigraphic sequence across the LaCloche syncline is preserved and present on each

fold limb; bedding is consistently near vertical. The units with smaller grain size and

higher kyanite/low mica content units were found closest to the axial trace, while units

with the larger grain size and higher mica content are located further away from the axial

trace. In the absence of direct evidence that this variation is the result of deformation it

is suggested that these variations primarily reflect changes in the sedimentation. Pressure

solution was found to be the more dominant deformation mechanism in the feldspathic

and micaceous sandstone units located furthest away from the axial trace, showing

smooth, rounded edges on both quartz/quartz and quartz/mica boundaries. Grain

boundary migration (GBM) was evident only in lithic fragments. Closer to the axial trace

the ferruginous sandstone unit showed evidence of both pressure solution and GBM,

characterizing this unit as a potential transition unit showing the characteristic pressure

solution edges, and microcracking, appearance of kyanite and the serrated edges

characteristic of GBM. GBM appeared to be the more dominant deformation mechanism

within the white medium grained sandstone unit nearest to the fold axis, showing

characteristic serrated/crenulated edges, well developed subgrain boundaries and high

concentration of microcracks and microfractures.
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Grain size, shape and grain shape orientation further the evidence of increasing

deformation towards the axial trace. The results also show variations between the

northern and the southern limbs, indicating that there was also a higher degree of

deformation within in the southern limb. Grain shape orientation show a stronger

alignment in the south limb, and that the grains are slightly tilted towards the north in

both limbs, with the exception of the white medium grained sandstone where the

alignments are so similar that the data is inconclusive.

Units with higher percentages of mica appear to have grain shapes of lower aspect

ratios and hence appear to have undergone a lesser amount of pressure solution. One

possibility is that some of the strain has been absorbed through grain boundary sliding

facilitated by the presence and the alignment of mica grains. In units with low mica

content, less strain could be accommodated by mica grains, resulting in greater amounts

of silica loss as a result of pressure solution.

Using the grain shape data and some simple assumptions, it is possible to

calculate an approximate estimate of the amount of pressure solution the units might have

undergone and the amount of quartz that may have been dissolved. Interestingly the

results from the amount of quartz lost calculations indicate that even conservatively 30%

of the quartz has been dissolved out of the Lorrain quartzite. No mesoscopic or

macroscopic outcrop scale evidence suggests that the volume of quartz lost had been

locally re-precipitated. While quartz vein networks occur within the Huronian

Supergroup Formations, none were present locally within the Lorrain. Hence it is

suggested that the migration of the dissolved quarts was one the scale of hundreds of

meters.
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Quartz grains in ail tiie units from north to south display preferred c-axis

orientations across the syncline, though most stereo nets do not easily conform to the

known girdle types. This is lilcely because crystal plastic deformation process were not

the main ones. The stereo nets for some samples display fabrics which are in the same

direction across the syncline, but other fabrics are less defined and preferred orientations

could be in either the NE or SE directions, therefore the formation of these fabrics may

not be a result of the folding process.

None of the findings regarding variations between north and south limb are

compatible with a simple symmetrical fold model. As illustrated in the fold model above,

the orientation expected from shearing would also be the same as illustrated in figure 8.7

(A), therefore, if the c-axes have rotated due to the late compressional event, it could

have also rotated the grains within the northern limb. However, whatever sequence of

events lead to the current geometry of fabrics within the syncline, they cannot be

attributed to the initial compressional folding stage of deformation of the Lorrain.

There are, however a number of candidates that could have been attributed to a

potential secondary deformation event taking into consideration the history of the area.

The history of the area details a complex deformational history. The original folding

could have potentially occurred during the time of the Blezardian orogeny which

occurred right around the time of Huronian deposition. The secondary deformation event

could have been attributed to events surrounding the -1.85 Ga period, where massive

deformation events such as the formation of the Sudbury impact structure, reactivation of

the Murray Fault and the Penokean orogeny. More locally however, ie: within the

vicinity of the La Cloche syncline there are a number of faults. The Fox Lake and Quarry
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Faults which run NE-SW, the Charlton Lake and La Cloche faults running W-E, as well a

number of smaller scale faults identified in the area all with minor to moderate

displacement. The NE-SW trending faults have a more pronounced displacement,

showing characteristics of transform faults. The La Cloche fault which runs along the

axial trace of the La Cloche Syncline, and although there is no concrete evidence

regarding the amount of displacement, or type of fault this is, even a small amount of

movement could have affected such things as c-axis and grain shape orientations,. Based

on the information and the data collected there is no clear cut candidate for the secondary

deformation event.

There is definite room for more research into the microstructure of the Lorrain

Quartzite. The methods and calculations that were used to determine the volume of

quartz lost and the amount of mica present could be refined further, as those concepts

could have useful implications for a quick way to estimate the amount of silica lost

through pressure solution. It would also be worth while to investigate the relationship

between pressure solution and mica content further. In most situations, (Weyl, 1959;

Renton, 1969; Rutter, 1976, 1983; Houseknecht 1984, 1988; Bjorkum, 1996) it is

suggested that mica acts as a catalyst for pressure solution and enhances it. Here the

evidence suggests that higher mica contents may reduce the amount of pressure solution,

by increasing grain boundary sliding.
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Appendices

Appendices contain the data for the individual thin sections, across the La Cloche

Syncline.

Appendix A-C show the percent frequency results for the aspect ratio, area, and grain

shape orientation in each studied thin sections.

Appendix D is a table outlining the GPS coordinates for the location of the outcrops for

the 2005 series of samples. GPS coordinates were not available for 2004 series samples.





Appendix A: Aspect Ratio Percent Frequency
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Appendix B: Area Percent Frequency





%
%
%
%./ £

J
8Q Q O O O9 CO CM •-

A3uenbaj{%

%
%
%

Aouanbajf %

.A

s

O

a

I

m

c
3





I

I

80 Q O O O* 95 CM T-

A3iienbai)%

8
Oo

s

o
Z

I
(A

s
CQ

C/3

"a*





















E

u
o
Z
9i
G
O

S
CO

C/3

S
•a

o

4^

s

I
s?

?
a
o
B
o
w W

%
%
%
\
%
%
%
%
%

Aouenbaj) %

Si

?
(0





i
o

M
O Q Q O O O
u> 9 n CO »-

fau&nb&n %

I

!
«
o
Z
v
e
2

c
CO

1/3

e

1

s

s

1
5

Ti

1 %
%

Aousnbej) %

c

Isl

i

\

%
%

\.

%
% 1

V £

^^

V S

%
%

S
a

Aouenbejt %

S
o

c
s

^.

I

"k.

% J2

%
%
%
%

Aouanbai) %





H \
%

8 3 8 8 f' °

.a

9
e
CO

CO

S
s

1

\ as

<

S S S 8 e °





Appendix C: Absolute Angle Percent Frequency
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Appendix D: GPS Coordinates for 2005 series samples
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