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Abstract 

A microscopic study of two samples of the Gowganda 

Formation, both having undergone pure shear deformation at 

greenschist f acies metamorphism has shown: 

Sample A - Reduction in quartz grain size, and pressure 

solution shadows were evidence for strong pressure solu­

tion activity. Pre-lithification fractures provided 

channelways for the removal of quartz and water out of 

the system. Matrix quartz was not recrystallized. 

Sample B - Extensive local recrystallization of quartz 

due to pressure solution activity caused metamorphic 

segregation and the formation of a cleavage. Cleavage 

behaviour differs in the matrix from that observed in an 

area of contact strain, as produced by a buckled quartz 

vein. There is no evidence for removal of quartz from 

the system. 

A comparison between the two samples suggests that 

(a) water, in this case at least, is necessary to produce 

metamorphic segregation, (b) the system has to be closed to 

reach metamorphic segregation and (c) original features may 

be preserved through limited metamorphism if the rock i _s 

dried out early in its history. 
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CHAPTER 1 


1.1 Introduction 

This study looks in detail at two types of cleavages. 

Specimens used are from the same Formation and are therefore 

of approximately the same age. They are also at roughly the 

same metamorphic grade. 

There are, however, fundamental differences in t h e 

cleavages which they contain. Sample A displays a cleavag e 

that appears well developed on the outcrop scale, but is not 

at all apparent on the thin section scale. The cleavage in 

sample B is well developed at both microscopic and outcrop 

scale. 

The cleavage in both cases is thought to have 

developed under an essentially pure shear regime. This study 

will restrict itself to viewing processes leading to the 

cleavage development, in two dimensions. The plane of 

study is perpendicular to the cleavage plane. It is assumed 

that all significant processes take place in this plane and 

are merely repeated as one goes down dip of the cleavage. 

A similar assumption was made and justified by Ramsay and 

Graham (1970). 
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1.2 Previous Work 

Pressure solution, first described and discussed 

by Sorby in limestone in 1863, deals with the dissolution of 

minerals under non-hydrostatic stress. Pressure solution 

may lead to stylolite formation and compaction or to indenta­

tion and welding of granular material. It may occur in 

limestones, dolomites and sandstones (Durney, 1972). Trurnit 

(1968) summarizes the effects of pressure solution by means 

of 14 pressu~e solution contacts (Figure 1.1). Alvarez et al. 

(1978) and Engelder et al. (1979) describe pressure solution 

in limestones, where it is responsible for the formation of 

a cleavage and may be responsible for the removal of material 

producing a shortening of beds of up to 50%. Pressure solu­

tion may remove calcite or quartz in greywackes (Beach, 1974). 

The material removed may be redeposited in veins, either 

locally or distally. 

Pressure solution in general, therefore, involves 

local rearrangement of mass, or absolute removal of material, 

with associated volume loss. Several authors, example 

Cosgrove ( 1974 ), regard it as part of the process which 

yields cleavage. 

The processes leading to metamorphic segregation are 

still not well understood. Diffusion controlled by some 

sort of gradients in pressure or mean pressure is thought 

to cause and or control this mechanism (Durney, 1972). The 



Figure 1.1 The fourteen pressure solution contacts 

with contact formulas (after Trurnit, 1968) 
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exact origin or nature of these gradients is not known 


though. 


On the basis of petrographic observations (Gray, 

1978, Hobbs. et al., 1976) it seems that silica is the most 

mobile component. Robin (1979) proposes that micas, in a 

quartz-mica rock, act as a catalyst in the segregation. This 

implies that rocks consisting of almost pure quartz and 

almost pure mica are competent. Between the two end members 

of the systems competency is as shown in figure 1. 2 The 

position of the minimum is dependent on a number of factors 

such as differential stress, temperature, chemical potential 

and abundance of water, grain size, etc. 

1. 3 Loe at ion 

Both specimens are from the Gowganda Formation, the 

lower Member of the Cobalt Group, which is part of the 

· Huronian Supergroup. The age of the formation is quoted as 

2.2-2.5 By. (Robertson, 1976). The metamorphic grade ranges 

from greenschist to amphibolite facies (Robertson, 1976) 

within this formation. Samples A and B have undergone 

greenschist facies metamorphism. 

Sample A was collected from a road outcrop approxi­

mately 10 km north of Whitefish Falls on highway #68. 

Sample B was collected by Dr. P.M. Clifford. Sample 

B is a piece of float, but is from the Bruce Formation as 



Figure 1.2 ~ Competency as a function of mica/quartz 

ratio, as expected if the deformation rate 

we re con trolled by the diffusion of silica 

catalysed by micas. Rocks with little or 

n o micas are competent because of restricted 

di f fusion paths. Rocks with little or no 

quartz are competent because chemical 

compon en ts of micas are less 'mobile' than 

silica, and micas are therefore more resis­

tant to pressure-induced diffusion transfer. 

The 'normal' relationship, that of decreas­

ing competency with inc reasing mica content 

(left-hand side of curve), explains why 

se g regation develops. The minimum in the 

curves accounts for the lack of apparent 

compen tency contrast between some 'equili­

brium' bands in t h e field. 

(after Robin, 1979) 
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exposed on a small headland about 1.4 km due southeast of 

Whitefish Falls on the north shore of lake Huron. 

For more information on the regional geology refer 

to James A. Robertson (1976) or the Geol. Guide Book #4, 

Ontario Division of Mines. 

1.4 Temperature and Pressure Limits 

The mineral assemblages of the samples are given in 

figure 1.3. Both samples can be classified as metagray­

wackes. The lower boundary of their metamorphic grade is 

given by the reaction leading to the appearance of the 

assemblage: biotite +muscovite. This reaction takes place 

at just over 4oo 0 c. The upper limit of the metamorphic 

temperature change for these samples is approximately 500°c 

and is determined by disappearance of chlorite and muscovite. 

The temperatures for both reactions do not vary significantly 

over a wide rang e of pressures. Since biotite, muscovite 

and chlorite are present in both samples, the metamorphic 

temperature for these samples has to be between 4oo 0 and 

500°c. 

The pressure cannot be determined at all accurately. 

A maximum pressure is given by the conversion of calcite to 

aragonite, which at this temperature range takes place at 

pressures of about 9 kb. Since the samples contain calcite 

pressure obviously did not exceed 9 kb; no tighter limits 



Figure 1.3 Bulk composition of samples A and B. 
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Sample A Sample B 

Quartz - 54% Quartz - 42% 
Albite - 25% Chlorite - 15% 
Calcite - 10% Muscovite - 15% 
Biotite 3% Biotite - 12% 
Chlorite - 3% Epidote 5% 
Sericite - 3% Albite 3% 
Ep i d ote 2% Opaques 8% 
Opaques - trac e 1% 
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c an be given. 

The metamorphic grade of these samples is that of 

greenschist facies. 



CHAPTER 2 


2.1 Sample A - Description 

The unit from which sample A was taken is cut by 

two breccia zones, usually referred to as Sudbury breccia. 

These zones are broadly parallel to the cleavage, which has 

an orientation of 065°/75° N. Two prominent joint sets have 

orientations of 170°/8o0 N and 030°/12°s. 

The unit contains large quantities of rock frag­

ments of various compositions and sizes. The most abundant 

rock fragments are of quartzite. The size of the rock 

fragments ranges from 1 mm to 10-15 cm in diameter and their 

shape ranges from angular to well rounded. The grain size 

of the matrix is approximately 0.01-0.05 mm. 

Some fragments have been tensionally fractured and 

extended, with calcite filling the fractures. The fractured 

fragments are up to about 5 cm in diameter. No fractured 

pebbles abov e calculated original diameter of 5 cm have been 

observed. This assumes constant volume. 

Other than the joint sets, no systematic fractures 

are observed with the naked eye. In the thin section, 

however, one can see that the rock is highly fractured on 

the microscopic scale. The fracture density varies from 

2slide to slide, ranging from 2 to 10 fractures per cm . 
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These fractures can easily be recognized since they are 

filled with mica. In some fractures the micas are oriented 

parallel to the fractures. In other fractures the micas 

show a preferred alignment perpendicular to the fractures, 

or they may be totally unoriented. Jhequant cl as ts show no 

preferred overall orientation; there are so few that it is 

unprofitable to attempt an orientation analysis. 

The matrix is made up of angular to well rounded 

grains. The majority of quartz shows undulatory extinction. 

Feldspar and calcite exhibit twinning. There is no 

differentiation into quartz and mica rich layers in this 

sample. 

2.2 Detailed Description 

Slide F0?-1 

Slide F0?-1, . figure 2.1, exhibits a high fracture 

density. The most prominent thing in this slide is the 

large fracture running straight across the slide. This 

"master" fracture is actually a bundle of several parallel, 

closely spaced, fractures. This bundle is composed of one 

major continuous fracture, flanked by a large number of 

fractures, which are mainly discontinuous. Into this "master" 

fracture le ad a large number of smaller, thinner "feeder" 

fractures. These small 'feeder" fractures approach the 

"master" obliquely, usually at an angle of less than 45°. 
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Figure 2.1 	 Slide F0?-1. Polarized photograph on top 

and point light source photog raph on the 

bottom. A "master" fracture, with and east­

west orientation, is approached by "feeder" 

fractures at predominantly low angles. A 

gradual decrease of average grain size 

towards the center of the slide can best 

be seen in the polarized photograph. 
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There is a marked decrease in grain size with 

decreasing distance from the "master" fracture. Two 

distinct stages are present in this decrease. Taking the 

grain size at the northeast edge of the slide as a standard 

grain size then the middle area of the slide, with the 

exception of the immediate area of the "master" fracture, 

represents a field of gradational grain size decrease, by 

a factor of 0. 5 to 0. 3 of the s-tandard grain size. In the 

immediate area of the "master" fracture a sharp decrease in 

grain size down to 0.25-0.20 of the standard grain size is 

observed. This variation in grain size cannot be mistaken 

for bedding, because it is totally unlike bedding seen in 

other sections. 

Slide F03 

Slide FOJ, figure 2.2, contains a small vein, filled 

mostly with calcite, which also contains 20% quartz of 

larger grain size than the matrix. The quartz in the vein 

is strain ed and the calcites show up to two oblique twin 

sets. This vein is offset in an east-west direction along 

fractures. 

A zone of fractures, about 3 mm wide runs through 

the slide in a northeast-southwest direction. In this zone 

a number of fracture-bounded blocks have rhombic outlines. 

The long diag onal of the rhombs are roughly parallel to the 

orientati on of the fracture zone. 

http:0.25-0.20
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Figure 2.2 	 Slide FOJ. Polarized photograph on top and 

point light source photograph on the bottom. 

Pressure . solution shadows are present on 

the north-south edges of the clasts. A 

zone of fractures, with an approximate 

orientation of northwest-southeast outlines 

rhombic blocks. A vein is offset along 

fractures. 



l 
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The clasts in this slide show enrichment of micas 

along their north and south edges, which are called pressure 

solution shadows. There is no enrichment of quartz on the 

east and west sides of the clasts. 

Slide F0?-4 

Slide F0?-4, figure 2.J, shows a high fracture density. 

A large "master" fracture runs through the slide roughly in 

a northeast-southwest direction . The "master" fracture in 

this slide is a single large fracture, which contains quartz 

grains. This quartz is of larger grain size than the 

average quartz grain size in the matrix; it also exhibits 

subgraining, mosaic grain boundaries, inclusions and 

undulatory extinction. 

Also present are "feeder" fractures which join the 

"master" fracture. These "feeder" fractures often approach 

the "master" fractures at high angles of up to 90°. There 

is no overall gradual decrease in grain size as was observed 

in F0?-1. However, between the "master" and the "feeder" 

fractures there is a diffuse zone of strong mica enrichment, 

especially where a larg e "feeder" fracture joins the "master" 

fracture. 

There is a probable shear displacement along the 

fracture. A coarser grained, roughly east-west orien ted 

layer approaches the fracture on the east side, but is not 

present on the west side. 
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Figure 2.J 	 Slide F0?-4. Polarized photograph on top 

and point light source photograph on the 

bottom. A "master" fracture running roughly 

north-south with "feeder" fractures approach­

ing it at high angles. Areas of pressure 

solution activity are located at "master­

feeder" fracture intersections. Correlat­

able coarse grained layers are discon­

tinued across the "feeder" fracture. 



N 




16 


Slide F011 

The grain size in slide F011, figure 2.4, is over­

all slightly less than in the other slides, there is 

however, a coarser g rained layer; presumably bedding, which 

has an orientation of g rains in the matrix which is developed 

more strongly than in other sections. Fracture density is 

low in this slide. The fractures present are long and thin 

and show a preferred orientation of about 100°. The coarser 

grained layer is offset along fractures in an east-west 

direction by amounts of up to 1.5 mm. Coarse grains in this 

layer are flattened adjacent to a fracture. 

Other slides 

All other slides have intermediate fracture 

densities. Slides F06, F08-1B, F08-2B, FO?-J, show enrich­

ment of micas on the north and south edges of clasts. No 

enrichment of quartz is found on the east-west edges of 

clasts. 

2.3 Fractures 

The fractures displayed in sample A may be a use­

ful tool in determining the strain this rock has undergone. 

In order for the fractures to be useful, two conditions have 

to be met: 

1) The initial distribution of the fractures 

had to be random and 



---•~N 
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2) equal angles had to con tain an equal n umber 

of fractures. 

The fractures have the appearance of bein g emplaced 

very early in the rock's history, certainly prior to lith­

ification . 

2.J.1 Methodology 

The fractures were measured from 11" by 14" photo­

graphs. Each photograph showed an entire slide. Magnifica­

tion therefore ranged from 8.5-10. The photographs were 

negative prin ts, and the slide was illuminated by a point 

light source. This enhances the contrast in relief bet.ween 

the fracture and the medium. The fractures were measured 

directly from the photograph and reduced to their real 

length. Gradual gentle curving fractures were measured as a 

single fracture with an overall estimated orientation. 

Distinct orientation changes of more than 5° on straight 

fractures were recorded as two distinct fractures. A total 

of 236 fractures were measured from 8 slides. 

2.J.2 Res ults 

The length of all fractures ag ainst orientation is 

i s plotted in fi gure 2.5. From this graph one can see that 

there is a larger number of long fractures with orientation s 

roughly eas t-we s t. Sin ce many f r actures go off the edg e s of 

the slide, their true leng th cannot be determined. 



Figure 2.5 	 A plot of length of fract~res vs . orienta­

tion. Fractures are measured from 90°w to 

N to 90°E only. 
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Since there are fractures of almost all orientations 

one can say that fracture orientation, even though there is now 

a strong preferred orientation, was essentially random. 

Only a random original distribution would produce a full 

spectrum of orientations after deformation. It is therefore 

clear that condition 1 is met. 

Plotting the number and orientation of the fractures 

on a rose diagram shows a strong preferred orientation 

(figure 2.6). Since the fractures are rotated into the Al 

direction, one can set a A 1 direction of roughly east-west 

and a direction of north-south. Since the orientationA2 

o0is slightly bimodal a switch in direction from toA2 

10°east may have taken place. 

Fracture orientations are plotted at 5° intervals; 

the number of fractures per 5° interval in this case equals 

6.55 fractures. In a pure shear situation fractures having 

an original orientation of close to the presumed . A 2 direc­

tion are not rotated at all or rotated only small amounts. 

The two 5° interval of o 0~ 5 contain 6 fractures each. ·This 

is very close to the predicted value and implies the follow­

ing: 

1) The original distribution of fractures was 

random and 

2) originally equal angles contained an equal 

number of fractures. 



Figure 2.6 	 Rose diagram of 236 fractures, measured 

from 90°w to N to 90°E. The numbers are 

repeated for 90° to 270° in order to show 

a full range. The number of fractures are 

plotted in 5° intervals. 
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J) The deformational field was that of pure 

shear or very close to it. 

o04) is the direction and the fracturesA2 

were rotated very little or not at all. 

2.4 Strain Estimates 

In this sample the fractures and fractured and 

elongated clasts are used for strain estimates. All of 

the strain estimates used only give values for two dimension­

al strain and are only minimum estimates. 

2. 4 .1 Fractures 

We have seen that the initial distribution of 

fractures was random. Sanderson (1977) provides a method of 

determin~ng the finite strain using lines with an initial 

random orientation: 

uThe frequency (F) of a uniform distribution of 
lines in a sector subtended by an angle ex; is: 

F = n a (0 <a ~2 n)
2 1T 

where n is the total number of lines. For a uniform 
distribution, F is independent of the orientation of the 
sector and the frequency distribution is: 

dF n 
= = constant ( 1 ) ct e 2 n 

If . this · initial uniform distribution is subject 
to a homogeneous strain, then the angle a line makes after 
deformation is g iven by: 

( 2) 
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where e and 8' are measured from the maximum principal 
strain (x-axis), before and after deformation respectively, 
and Rs is the strain ratio, ~ 

Rs = (A 1/A 2) 
The frequ ency distribution after deformation is 

given by: 

( 3) 

From ( 2): 

8= tan-1 (Rstan e') 

therefore: 

.iliL = (R sin2 8' + R- 1 cos 2 e• )- 1 
de' s s 

giving: 

dF __!!_(R . 2 ' + Rs-1cos2e' )-1 (4)de ' - 2 n s sin e 

This distribution, which I shall term the strain-modified 
uniform distribution, is symmetrical about a maximum when 

e' = O or n and a min i mum when e' = ~ n or J/2 n 
The expected frequency (F) of lines in a sector 

subtended by e' 1 and e '2 is given by: 

e' 
F = f 2

~F d 8' 

e1 . e..' 
= ~TI J ..~ssin2 e' + R~ 1 cos 2e•] de' 

F = ~n 
e,' 
[tan-1(Rstane • 2 ) - tan-1(Rstane• 1 8 ( 5) 

Since the data are drawn f rom a symmetrical, bell­
shaped, distribution over the range X ± ~ n , a natural 
approach would be to double the ang les specifying t he orien­
tation of the lines and treat each as a unit vector in the 
range (0,2n). Vector addition will give a resultant vector 
( r ) whose di rec ti on ( e 2 ) and m agn i tude ( Ir I ) g ive suit a ­
ble estimates of the mean direction and dispersion of the 
data. Calculation of lrl /n, where n is the sample size, 
provides a better statistic to describe the dispe rsion since 
it is normalized for sample size. 

The purpose of introducing the parameters e 2 and

lrl /n is to establish a simple means of estimating the 
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strain ratio and orientation of the X-axis. Simulation of 
the deformation of both "ideal" and "random" samples from 
a uniform distribution has shown that is a good estimator8 2 
of the orientation of the X-axis. Since the strain-modified 
uniform distribution, after doubling 8', is symmetrical and 
unimodal, the resultant vector is a good estimator of both 
the mean and the mode of such a distribution and is indepen­
dent of the origin of measurement of the angles, lrl /n is 
found to increase steadily with increasing Rs and is approx­
imately proportional to ln(Rs) for Rs <10. The relationship 
between R§ and !rl/n is found numerically and shown in 

[Fig . 2 . 7].'\ S anders on , 1 9 7 7 , p . 2 0 0 - 20 2 ) . 

For the fractures ltl = 0.715. Going to figure 2. 7 gives
n 

an Rs value of approximately 6.1 since: 

:\ )Jz l2 1. + e1Rs = ~ = C\,) =(/\ (),2 ) !i 1 + e 22 
Therefore: 

1 + e1 - 6- .1
1 + e2 

i~n th the Rs = 6 .1 known and the assumption of no area loss 

(volume loss in 3 dimensions) one can calculate the strain 

ellipse. 

Known: R8 = ( ~~)
\Yz 

= 6 .1 ( 6) 

for no area change \\~.= 1 ( 7 ) 

from equation (6): 

= 37.21 

Substitut~ng equation (7): 

37.21 :\1 Az = 1 

A. = 0.1639z 

A.,therefore: (0.1639) = 1 

6.1A., = 



Figure 2.7 	 Relationship between jrl/n and Rs for 

strain-modified uniform distribution. 

(after Sanderson, 1977) 
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The axis of the strain ellipse relative to the original 

lxl circle therefore are: 

= ~ = 1 + ei e 1 = 1. 47 
= J0.1639 o. 40 1 + e2 e 2 = -0.60 

The strain ellipse is shown in figure 2.8. This is only the 

true strain ellipse if no volume loss occurred in the rock. 

The widespread effects of pressure solution however indicate 

that large volumes of water and possibly quartz were lost. 

The strain ellipse shown in figure 2.8 does therefore not 

represent the true strain ellipse. Since there is no way 

of calculating the volume lost, no accurate strain ellipse 

can be drawn. It can only be said that Rs = 6.1 represent s 

a strong deformation and that e2 may be an overestimate. 

2 . 4 . 2 C1 as ts - Sample A 

Sample A contains a number of clasts which have 

been fractured and extended in the Al direction. The amount 

of extension can be measured and gives a mini mum 1 + e 1 

v~lue. In slide FOJ-2 a clast has been fractured. Calcite, 

growing parallel to the extensional direction, has filled 

in the fractures . Measuring the length of calcite and 

original clast material, parallel to A 1 , an extension 

1 + = 1.6 was determined, using the equatione 1 

e = sum of length of all inf illings 
sum of length of all original fragments 

Another clast gave 1 + = 1 .. 8.e 1 

The clasts give minimum strain estimates from the 



Figure 2.8 	 The strain ellipse with the corresponding 

original unit circle, assuming no volume 

loss. ~ direction is roughly north-south. 
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time at which the viscosity contrast between rock and clasts 

was small enough to induce fracturing in the clasts . It is 

not likely that this happened prior to lithification . 

2.4.J Conclusion 

Since the rock has undergone v olume change there is 

no way to relate the two strain estimates . The Rs = 6 . 1 

value obtained from the fractures is more of a complete 

strain ratio than the value obtained by the fractures, 

because the fracture were affected earlier in the deformation 

than the clasts. 

One can merely say that extension A. 1 is at least 

1 . 8 and that the total strain ratio is at least 6 . 1. 

2.5 Interpretation - Sample A 

The fractures in sample A are interpreted as having 

been generated very early in its history , certainly prior 

to a part of the lithification process . The fracture pattern 

was originally random. The sample then underwent deformation. 

The orientation of the maximum principal stress axis 0 1 

was approximately north-south and the stress re g ime was 

essentially one of pure shear. During the deformation 

the fractures were rotated towards Oz = >-. 1 

There is strong evidence for pressure solution in 

this sample . The variation of grain size described from 

slide F0?-1 is thought to represent the effect of pressure 
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solution. Other evidence for pressure solution is the 

flattening of coarse quartz grains against fractures as in 

slide F011. 

Pressure solution shadows which formed at the north­

south edges of the clasts (slides FOS-18, F0-6, F08-2B, 

F0?-3, FOJ), indicate that the more soluble quartz migrated 

away from these zones of high pressure. That there is no 

distinctive enrichment in quartz on the east-west edges, 

the areas of possible pressure shadows, proves that the 

quartz did not merely migrate from a high pressure zone to 

the nearest low pressure zone, but moved away from the 

immediate area of the clast. It therefore seems that quartz 

has been removed from the observed system. The fractures, 

which are of great abundance in this rock, may have formed 

convenient channels for this process. A plausible process 

might be as follows. 

The "master'' fracture, as described in slide F0?-1, 

probably provided a channelway for the removal of quartz 

and water. 
11 
Feeder11 fractures provide water from distal 

regions of the rock (areas outside the slide). In this 

way, with decreasing distance to 11master' fracture the amount 

of water flushed through a unit volume of rock increased. 

This water dissolved quartz from the surface of all quartz 

grains in the area. Since the amount of water moved through 

each unit volume of rock increased with decreasing distance 
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to the 11master'1 fracture, the amount of quartz dissolved per 

grain is also likely to have increased in this direction. 

Such a process would explain the gradual decrease of grain 

size towards the"maste~fracture. 

The 
11 
master'' fracture can be seen as an area of low 

stress, much in the way quartz rich layers are areas of low 

stress in rocks that have undergone metamorphic segregation. 

Quartz is then migrating from areas of relative high stress, 

the matrix, to the"master' fracture. 

In slide F0?-4 the large "master" fracture is 

roughly parallel to CJ 1 Here the '1'eeder" fractures approach 

the "master" fracture at high angles. The "feeder" fractures 

are therefore roughly parallel to the CJ 3 direction. There 

are minor areas of pressure solution activity parallel to 

some of the larger "feeder" fractures. That these are not 

as extensive as in F0?-1 is probably related to the differ­

ence in size between the "feeder" fracture in F0?-4 and the 

"master" fracture in F0?-1. In the "feeder" fractures of 

F0?-4 the processes of movement of quartz towards relative 

low stress areas (as inferred for F0?-1) seems to have 

operated the "master" fracture of F0?-4. Being parallel to CJ 1 

however does not provide this gradient, since the quartz 

movement towards a low stress area has to be in the CJ 1 

d i rection and not at an angle to it. Sin ce the "master" 

fracture is parallel to CJ
1 

, quartz would have to migrate 
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obliquely to the ~ direction to enter the fracture. It 

poses no problem to move quartz at any angle to a, in a 

fracture, presumably in solution. It does however seem 

unlikely that preferential movement of quartz obliquely to 

cr1 would occur, unless the quartz is moving around an 

obstacle (ie. clast), since there is no incentive for such 

movement. That this is in fact the case may be demonstrated 

by looking at the areas along the "master" fracture, where 

no "feeder" fractures enter into the "master" fracture. 

Some of these areas show no indication of pressure solution 

activity, whereas others have a very thin layer, less than 

the thickness of the fracture, in which pressure solution 

micht have acted. This thin layer may be due to the fact 

that the "master" fracture is only roughly parallel to the 

direction.0 1 

As mentioned above, the "master" fracture in F0?-4 

i s one single large fracture. The "master" fracture of 

F0?-1 is a bun dle of fractures. The difference is related 

to their orien tation. Because the "master" fracture of 

F0?-4 was approximately parallel to a; it was not rotated 

during deformation. Fractures of other orientations were 

rotated towards the cr3 direction. That explains the larg e 

angle between the F0?-4 "master" and "feeder" fractures. 

In slide F0?-1 the "master" fracture probably had an orig i­

nal orientation close to the cr3 direction. It was therefore 
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rotated only by a small amount or not at all and "feeder" 

fractures of various original orientations were rotated 

towards the cr3 direction and into near parallelism with 

the "master" fracture. This process, probably aided by the 

extensive pressure solution activity, accounts for the 

bundle - like appearance of the "master" fracture in F0?-1. 

During the deformation the fractures were probably 

fluid filled, making them ideal planes of weakness or 

miniature fault zones (slides FOJ , F0?-4, F11). It is very 

likely that movement occurred along most fractures; but this 

cannot be determined for lack of correlatable features on 

opposite sides of the fractures. 

During these stages of deformation the rock still 

has a very high fluid content and was probably poorly lithi­

fied. The viscosity of the clasts was very much higher than 

the viscosity of the rock. This caused the rock to deform 

by plastic flowing of matrix around the clasts, without 

fracturing them. The slightly bimodal distribution of the 

fractures in the rose diagram indicates a rotation of C51 

or a second cr, of a later event. It is very likely that 

by the time of this later event the rock had been dewatered 

and lithified to a great extent. This increase in the 

viscosity of the rock decreased the viscosity contrast 

between matrix and clasts enough to cause tensional fractur­

ing of the clasts. These tensional fractures infilled with 
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calcite. The calcite crystals grew parallel to the principal 

extension direction (slide FOJ-2). The fact that only 

calcite and no quartz grew in these tensional openings 

indicates that the thermodynamic conditions in the rock had 

changed, making calcite the only freely moveable and locally 

depositable species. The main reason for the apparent lack 

of quartz movement may have been the lack of free pore 

water. 

One can now divide the deformation of sample A into 

into three successive stages: 

A) The rock is not yet fully lithified. Pressure solution 

is taking place using the fractures as channelways. The 

viscosity contrast between matrix and clasts is large, 

and the rock deforms by plastic flowage of matrix 

around clasts without fracturing them. 

B) 	 The viscosity contrast between matrix and clasts decreases 

enough to induce tension al fracturing in the clasts. 

Calcite, which is more soluble than quartz, grows in 

the tensional openings. Assuming that calcite is deposited 

due to a lack of free pore water, as argued above, then 

one may conclude that pressure solution activity involv­

ing quartz will have ceased prior to this stag e. 

C) 	 The viscosity contrast between matrix and clasts becomes 

negligib le. The rock is now essentially dry, and deforms 

plastically as a more-or-less homogeneous mass. 
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There is no evidence for retrograde metamorphism. 



CHAPTER 3 

3.1 Sample B - Description 

Sample B, figure 3.1, shows a well defined cleavage 

in the hand sample. The spacing of the cleavage planes is 

on the order of 1-2 cm. A folded quartz vein, oriented 

broadly perpendicular to the cleavage, cuts through the 

sample. Where the cleavage intersects the vein the cleavage 

is bent. 

On the microscopic scale the rock can be divided 

roughly into quartz rich and mica rich layers. There is a 

strong preferred orientation of mica flakes, whereas quartz 

grains are roughly equant and therefore show no preferred 

orientation. The grain size of the quartz is constant at 

a diameter of about 0.05-0.08 mm and most quartz shows no 

undulatory extinction. 

The mesoscopic cleavage coincides with mica rich 

layers. The spacing of mica layers varies from 0.5 to 5 mm. 

The cleavage seen in the hand sample consists of wider bands 

of very closely spaced mica rich layers. In the thin section 

these wider bands are mica layers spaced close enough to 

show only gradual boundaries between each other. Outside 

the macro-cleavage (the wide bands) the mica layers have 

well defined sharp boundaries and their width is on the 

35 
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Figure J.1 	 Sample B. Showing the buckled quartz vein 

and cleavage planes visible with the naked 

eye. Along its longest edge the sample 

measures 25 cm. 
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order of less than 1 mm. Close to the quartz vein mica 

layers converge and the spacing of the mica layers increases 

as well (figureJ.2). Opaques are present throughout the 

rock but are concentrated in the mica layers. Grain size 

of opaques is larger than average in the mica layers. 

Weak to relatively strong crenulation foliation is 

developed in mica layers. The degree to which the crenu­

lation foliation is developed is roughly proportional to 

the thickness and intensity of the mica layer. The pre­

ferred alignment of micas is stronger in the mica layers than 

outside. 

Towards the vein the spacing of mica layers increases 

as several mica layers join together, and approach the vein 

as one. The mica and quartz layers are therefore wider 

close to the vein than in the matrix. 

Remnant bedding is visible and oriented roughly 

p:;rpendicular to the cleavage. The bedding is gently folded 

and may be "offset" along mica layers. The bedding is on 

the millimeter scale and distinguished by alternating mica 

rich and mica poor beds. The mica rich beds do not contain 

nearly as much mica as the mica rich layers in the cleavage. 

The micas in the beds are oriented roughly parallel to the 

cleavage. Close to the quartz vein bedding is not as well 

preserved as in the regions away from the quartz vein. 

Slide #J (Figure J.J) contains -a feldspar clast. The 



38 


Figure J.2 	 Slide A. Polarized photograph on top and 

point light source photograph on the 

bottom. Showing the buckled quartz vein. 

Cleavage is bent around the arcs of the 

vein. 



A 
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Figure J.2 	 Slide B. Polarized photograph on top and 

point light source photograph on the 

bottom. Showing the buckled quartz vein. 

Cleavage is bent around the arcs of the 

vein. 



B 
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Figure 3.2 Slide C. Polarized photograph on top and 

point light source photograph on the bottom. 

Showing the buckled quartz vein. Cleavage 

is bent around the arcs of the vein 



c 
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Figure J.2 	 Slide D. Polarized photograph on top and 

point light source photograph on the bottom. 

Showing the buckled quartz vein. Cleavage 

is bent around the arcs of the vein. 



D 
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Figure 3.3 	 Slide 3. Polarized photograph on top and 

point light source photograph on the bottom. 

Showing the average microscopic cleavage 

spacing outside the contact strain zone. 

Cleavage planes bent around the clast. The 

The pressure shadow of the clast grades 

into a quartz rich layer. Remnant bedding, 

perpendicular to the cleavage planes is 

visible. 
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clast itself is strained and a pressure shadow has formed 

around it. The quartz in the pressure shadow is of larger 

grain size than the quartz in the matrix and it is strained. 

Mica is also present in the pressure shadow. It is aligned 

parallel to the cleavage and is of slightly larger grain 

size than the mica in the matrix. The pressure shadow 

grades into a quartz rich layer. Other clasts showed the 

same development. 

The vein is composed almost entirely of quartz 

with only traces of mica . The quartz in the vein can be 

differentiated into two types. The first type is coarse 

grained, equant, has straight grain boundaries and shows 

no undulatory extinction. This type, the _less common of 

the two, is mostly found in sections of the vein, that 

are fairly wide and straight or only gently curved. The 

second type of quartz has irregular to serrate boundaries, 

shows undulatory extinction and, on average, is of smaller 

grain size than the first type. This type is usually located 

in parts of the vein that are thinned or tightly bent 

(figure J.4). 

The boundary of the quartz vein is very well 

defined, usually by a layer of micas . In some cases 

pressure shadows form on corners of sharp turns in the vein. 

The quartz in these pressure shadows has the same appearance 

as that in the pressure shadows of clasts. At some sharp 
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Figure J.4 	 Slide C showing a section of the quartz 

vein. The marked parts of the vein contain 

quartz predominantly showing serrated 

grain boundaries and undulose extinction. 
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bends in the vein a small bulge of quartz is located on the 

inside of the bend. 

3.2 Quartz Vein Effects 

Earlier we noted that cleavage behaviour close to 

the vein differs from that in regions far from the vein. 

This may be due to contact strain, induced by the deformed 

vein We therefore examine a contact strain model, and compare 

it to sample B. 

3.2.1 Contact Strain Model 

In 1970, Dieterich produced a model of the distribu­

tion of principle axes of strain. He derived this distribu­

tion via a computer simulation of pure shear acting parallel 

to layering in a single layer in a semi-infinite matrix 

model. These results are displayed here in figure 3.5. 

From such a model, we may expect that cleavage would diverge 

from outer arcs, and converge in inner arcs of a folded 

layer in a semi-infinite matrix , if the bulk deformational 

kinematics are those of irrotational strain (equivalent to 

pure shear). 

Ramsay (1967) notes that strain distributions in 

the inner arc areas yield class 3 folds, with isograms 

divergent as the limbs of the folds diverge. This agrees 

with Dietrichs model, but is difficult to show on a micro­

scopic scale. 



Figure 3.5 	 Buckled single layer model. Short lines 

are drawn perpendicular to the axes of max­

imum total compressive strain. (after 

Dieterich, 1969) 
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Theoretically, contact strain can extend infinitely 

for normal to enveloping surfaces. But for practical purposes, 

the contact strain effect is restricted to distances of the 

initial wavelength on either side of the buckled layer 

(Ramsay, 1967). Presumably, effects on cleavage should be 

equally restricted. Further finite neutral points are 

potential sites for deposition of "new"material. 

J.2.2 Quartz Vein 

In the thin sections figures J.2A, J.2B, J.2C, J.2~, 

it can be seen that the cleavage is diverted only up to 

distances of 2-J cm on either side of the quartz vein. This 

is in the same range as the average wavelength of the vein. 

Cle 'avage fans around the outer arcs of the buckled vein and 

converges into the inner arcs of the vein. In some cases, 

example in slide B, quartz is located on the outer arcs of 

the vein in the triangle formed by the cleavage planes and 

the vein. This may be due to quartz crystallizing in the 

area of a finite neutral point. A more detailed comparison 

between cleavage in the immediate neighbourhood of the vein 

and in its far field reinforces the applicability of the 

model. 

J.2.J Methodolog y 

Two slides were studied in detail, Slide A con­

taining the vein and slide 1, taken approximately 8 cm 
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away from the vein. Both slides were point counted in the 

fallowing way. 

A traverse across the slide perpendicular to the 

cleavage was made. For every step perpendicular to the 

cleavage, ten steps parallel to the cleavage were made. 

A sketch of this procedure is shown in figure J.6 . Each 

step on the point-counter equals 0.27 mm. The number of 

quartz and mica (micas + oxides) grains for each line of ten 

steps parallel to the cleavage were recorded. This gives an 

accurate account of the percent variation of quartz and 

micas across the cleavage in the slide. The orientation 

of micas was also recorded. 

).2.4 Results 

The number of quartz grains per step across the 

slide are plotted in figure 3.7. The cleavage coincides 

with the zones of high mica content. Generally the change 

from a quartz rich layer to a mica rich layer is very abrupt. 

Comparing slide A to slide 1 one can see that there are more 

stable plateaus as defined by the same quartz to mica ratio 

over several steps, in slide A, close to the vein. The 

range for the quartz percentage in the curve for slide A is 

less than for slide 1, never exceeding 70% and only rarely 

going below JO%. The overall quartz percentage in slide A 

is 40.8%, for slide 1, 43.5%. 

Figure J.8 shows percent mica vs. orientation of 



Figure J.6 	 Sketch of point counting procedure across 

cleavage. Each arrow indicates one point 

count (step). 



49 




Figure 3.7 	 Results of the point counts across cleavage 

in slides 1 and A. Plotted are percentage 

of quartz per ten point counts vs. distance 

from the edge of the slide. 
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Figure J.8 	 Histogram of percent of total micas counted 

in each of slide A and 1 vs. orientation. 

Intervals are 5°. 
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mica in slides A and 1. In slide A peak orientations of 

mica do not coincide with the cleavage (0°), being instead 

a few degrees left hand of cleavage. In slide 1 the orient­

ation distribution is roughly symmetrical with respect to 

cleavage. 

3.2.5 Interpretation 

In figure 3.7, slide 1, (far field) one can see 

four major zones of low quartz content, equivalent to cleav­

age. These are located at 2.43, 5.40, 13.77 and 17.82 mm. 

These can be divided into two groups which are separated by 

an 8 mm wide quartz rich band. The spacing between these 

zones in the groups is on the order of 2.97-4.05 mm. This 

may be interpreted as the characteristic spacing for major 

cleavage planes in the rock away from the vein. ·The reason 

for choosing the internal spacings in the two groups as the 

characteristic spacing is that in other slides, away from 

the vein, the predominant spacing, as determined by measuring 

of photos, is on the order of 2.5-4.5 mm. 

In slide A,(near field) the area between 4.60 and 

9.45 mm may be viewed as one thick cleavage plane. That it 

does not show a consistent low quartz value is due to the 

fact that it consists of several small cleavage planes, 

joining to form one wide band. Between 9.45 and 18.36 mm is 

a wide band of quartz, followed by a 1.62 mm wide cleavag e 

band. 

http:2.97-4.05
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As stated above, cleavage planes join and thicken 

towards the vein. Close to the vein one can then say that 

cleavage bands are wider and spaced further apartthan outside 

the contact strain zone. No numerical value can be assigned 

to this as other slides indicate that the spacing and width 

of the cleavage depends on the shape of the buckle. 

The 2.7% difference in quartz percentage, between 

slide A and 1 is minor. It means that there is a total 

difference of 20 quartz grains counted between one slide and 

the other, out of a total of 760 (slide A) or 740 (slide 1) 

counts per slide. This seems to be well within experimental 

error. One can therefore say that the percentage of quartz 

is the same in both slides. 

Figure J.8 shows that both slides show a strong 

preferre~ orientation of mica. The mica in slide 1 shows a 

slightly stronger preferred orientation than the mica in 

slide A. This is probably due to two reasons: 

1) The cleavage in the close proximity of the 

vein fans out, as predicted in the model. The 

bent cleavage would naturally lead to a wider 

range of mica orientation. 

2) The vein actively reduces the stress in its 

close proximity. If one equates the degree of 

preferred orientation with intensity of stress, 

then the mica in slide A should be less oriented 
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in any one cleavage zone. 

One can say that the model for contact strain agrees 

well with the behaviour found. The cleavage behaves in the 

way predicted and the effect is limited to a short distance 

from the vein. 

3,3 Strain Estimates 

The well defined cleavage and the extravagant 

folding of the quartz vein both indicate significant layer-

parallel shortening. Similar folding is seen in the beds 

which flank the vein. We may use both sets of folds to 

estimate strain. 

The basic method is simple (see Ramsay, 1967). 

Essentially we measure the length of the vein between two 

points and around the arcs, and compare this length (lo) 

to the straight line distance between the two .points (lD) 

(figure 3.9 ). The shortening, 

=[101; lDj ;82 

or expressed as a percentage 

e' = 110 - lDl 100 
2 L lo J 

When we do this f ·or the vein and the bedding , we 

find that we have e2(vein)= 68 .5% and e2(bed)= JO% . The 

vein is dominantly of type l B with near constant orthogonal 

thickness. So the shortening calculated is a good estimate 

for it. But the shortening in bedding is obviously n ot 



Figure J.9 	 Illustrating the difference between the 

folded length, L0 ,and the straight line 

length, LD , of the vein, used to determine 

strain. 
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directly compatible with simple buckling. An explanation of 

the discrepancy lies in the degrees of viscosity contrasts 

as between vein and bed, and between bed and bed. 

Many people, example Dieterich (1970) relate 

folding to viscosity contrast. In his scheme, a layer 

within a matrix in a system having a low layer-matrix vis­

cosity ratio will deform largely by thickening, with only 

minor folding in a pure shear deformation. By contrast, a 

layer in a system having a high layer-matrix viscosity ratio 

will deform almost exclusively by buckling with no, or only 

minor, thickening in a pure shear deformation. 

The viscosity contrast between the beds is relative­

ly low they being essentially the same material. They 

deformed largely by thickening and only hinted folding. The 

viscosity contrast between the vein and the beds on the other 

hand, is quite high. Under stress, the vein therefore 

responded by buckling; thickening of the vein is negligible. 

The underlying assumption to this theory is that no volume 

has been lost from the rock. There is no evidence that 

anything other than water was lost·, so this assumption 

seems to be justified. 

The shortening value, given by the vein, is there­

fore a fairly accurate estimate of the two dimensional 

shortening the rock has undergone after emplacement of the 

vein. 
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3.4 Interpretations - Sample B 

Since there is no evidence for a simple shear 

deformation in this sample, either in the vein or in the 

beds, it seems likely that the sample has been deformed in 

an essentially pure shear regime. Also the sample fits well 

the model used, which is based on pure shear deformation. 

The segregation into quartz and mica rich layers 

indicates that extensive recrystallization has taken place 

in this sample. This is supported by the consistency in 

grain size, equancy and the lack of prominent undulatory 

extinction in the matrix quartz. It indicates that most of 

the quartz has been recrystallized. There is no evidence 

for removal of material by pressure solution out of the 

system. The almost consistent percentage of quartz away 

from and close to the vein shows that there is no depletion 

in quartz in the immediate vicinity of the vein. This leads 

to the ·conclusion that the quartz in the vein was derived 

from an outside source. It also means that the matrix 

quartz could only have been moved on a very limited scale. 

In order for the mica rich cleavage bands to form, quartz 

would have had to diffuse perpendicular to the cleavage. 

This leads to the conclusion that diffusion of quartz paral­

lel to the axes of principal stress took place over greater 

distances in the contact strain region. Since mica rich 

bands are wider in this region quartz would have had to be 
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removed out of wider areas and move larger distances to g ive 

the present picture. This may account for the fact that 

bedding is often unrecognizable in the contact strain region. 

The extensive recrystallization would have destroyed the 

fragile differences between beds. In the pressure shadows 

of clasts both quartz and mica are of larger grain size than 

in the matrix. The quartz in the pressure shadows often 

shows undulatory extinc~ion. 

This may be explained in the following way. Due to 

the low stress conditions the quartz crystallized to a 

larger grain size than in the matrix. Subsequent deformation 

strained the quartz but did not recrystallize it again. The 

pressure shadows grade into quartz rich layers, indicating 

that the low pressure areas of clasts act as nucleii for 

the quartz rich layers (Figure 3.3). 

The quartz vein itself, being much more competent 

than the sur.rounding rock acts as a clast, creating a low 

stress zone in its immediate vicinity. This has a profound 

effect on the cleavage development. Close to the vein, the 

cleavag e spacing is larger, and the cleavage bands are 

thicker than outside the area influenced by the vein. It 

may therefore be suggested that a higher stress reg ime 

leads to the formation of more closely spaced, thinner 

cleavag e bands. However, it is likely that there is a 

number of complicating factors acting here, which invalida te 
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the statement above. One of these factors may be that it 

is too simplistic to view the entire vein as one large stress 

reducer. Individual folds in vein will act as small clasts. 

Slide B is a good example of this. Here the "fold nose" of 

the vein extends about 1 cm into the rock. This acts as a 

clast that is quite large, yet smaller than the entire vein. 

A pressure shadow, containing quartz, has formed on the 

outward side of the fold nose, in the area of the finite 

neutral point. Such a large pressure shadow grades into a 

wide quartz rich band. The inside of the tightest fold is 

an area of higher stress. Since the quartz vein is much more 

competent than the surrounding rock, a tight folding of the 

quartz vein would have set up a local, very high stress field 

on the inside of the fold. Consequently the quartz in this 

area has been moved by pressure solution in the way described 

above into areas of low stress leaving a thick mica rich 

band which extends into the rock. The conclusion therefore 

is that the overall effect of the vein is that of a stress 

reducing "clast", yet the formation of the cleavage in the 

close proximity of the vein is very much affected by very 

local conditions set up by individual folds in the vein. 

The strained quartz in the vein is produced by the 

deformation. Since the vein was very competent it would not 

have undergone much thickening, but would deform by buckling. 

As mentioned above, the strained quartz is located in areas 
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of the vein that have undergone severe stretching or severe 

bending. The unstrained quartz on the other hand is located 

in areas that are straight and not obviously deformed. One 

can therefore assume that the unstrained quartz has not been 

affected by the deformation, and is therefore still in the 

same state it has been crystallized in originally. The 

quartz was therefore probably crystallized under equilibrium 

conditions . The strained quartz was strained during the 

buckling and is still in the same state. This implies that 

the quartz in the vein has not been recrystallized. In view 

of the extensive recrystallization that has occurred in the 

sample, probably at the same time as the buckling of the 

vein, this appears to be somewhat of a puzzle. A possible 

explanation may be that the thin layer of micas that in most 

cases rims the vein, effectively shielded it from the fluid 

necessary to dissolve and recrystallize the quartz. 

The crenulation cleavage in this sample is developed 

stronger in thicker mica bands. Crenulating of micas is a 

way of taking up strain. It can therefore be suggested 

that when the rock has reached a certain degree of segre­

gation a new mode of taking up strain , namely crenulation, 

is initiated. It appears that this rock has been deformed 

under a deformational field of nearly pure shear. However, 

there may be small elements of simple shear. These may be 

accommodated without problems in most of the rock, with the 
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exception of thick mica bands. Here small components 

of simple shear may lead to the formation of crenulation. 



CHAPTER 4 


4.1 Comparison and Discussion 

There are obvious similarities and differences 

between sample A and B. These may be used to interpret 

some of the factors effecting the development of cleavage. 

The similarities are the following: 

1) Both rocks have roughly the same bulk composition and are 

fine grained . 

2) They are part of the same formation and therefore of the 

same approximate age. 

J) 	Both have experienced the same grade of metamorphism. 

4) The deformational field seemed to have been one of almost 

pure shear for both rocks. 

5) Both have undergone a large amount of strain. 

The major differences are: 

1) Sample A is highly fractured; there is no evidence for 

fracturing in sample B . 

2) 	 Bedding, when seen, in sample A is well preserved. The 

grains are angular to rounded, with undulatory extinc t ion 

common in quartz. There is no evidence of recrystalli za­

tion in sample A. The quartz in sample B is equant, 

rounded, shows very little undulatory extinction and 

appears to have been extensively recrystallized. 
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J) 	There is ample evidence for the removal of quartz by 

pressure solution out of the system in sample A. There 

is no evidence for similar removal in sample B. The 

quartz appears to have been moved and recrystallized 

into quartz rich bands, but there is no reason to assume 

that any of it has left the system ie. the rock. 

4) 	Sample B shows metamorphic segregation into competent 

quartz rich bands and less competent mica rich bands. 

There is no evidence for this in sample A. 

It appears that all the similarities related .tothe 

original state and the large scale deformations of the rocks. 

The question that should be asked is then: 

Why, when taking the same type of rock and subjec­

ting it to the same grade of metamorphism, and the same 

deformational field, does the end result differ so greatly? 

In order to answer this, one has to ask: What is 

the initial difference between the two samples? 

This may be arrived at by looking at the major 

differences. It appears that the fractures are the major 

initial difference between the two samples. The fractures 

appear to have been implaced before lithification had been 

achieved. Later, during deformation these fractures pro­

vided ideal channels for the removal of water and dissolve d 

quartz fro m the rock. Judg ing from the appearance of master 

fractures this process was very extensive and large volume s 
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of water certainly and possibly quartz are lost. It seems 

reasonable to assume that the rock of sample A lost more 

water at a faster rate during lithification than a similar 

rock without fractures. This leads to the conclusion that 

at any given time during deformation sample A was drier 

than a similar rock without fractures. It is likely that 

the fractures being zones of weaknesses, acted in this way 

until long after compaction. Since water is by far the most 

mobile phase in the rock it is likely that essentially all 

pore water was squeezed out of the rock during deformation. 

The metamorphic conversion of clays to micas produces water 

which would probably have been lost as well. As a result, 

sample A would have been much drier than a similar rock 

under the same conditions. 

Since there is no evidence for fractures in sample 

B it seems safe to assume that they were never present. 

Undergoing the same deformation and metamorphism sample B 

too would have lost water, but at a slower rate than sample 

A. The end result at the height of deformation would be that 

sample A is much drier than sample B. 

Since the grade of metamorphism is low it seems 

reasonable to place the height of metamorphism with or near 

the end of deformation. The maximum temperatures reached 

during metamorphism are 400-500°c. This is not near the 

melting point of quartz or mica. Dissolution of quartz by 
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water therefore seems to be the most likely mechanism 

responsible for the metamorphic segregation in sample B. 

Water, as residual pore water or water produced by 

metamorphic reactions must therefore be responsible for meta­

morphic segregation into quartz and mica rich layers. Quartz 

is dissolved, in the same way as it is in pressure solution, 

but instead of being transported out of the system it is 

merely moved into a low stress zone. These zones may be 

nucleated by clasts, as described in the previous chapter. 

The following conditions for the development of 

metamorphic segregation in the present situation may then 

be stated. 

1) The system has to be closed or nearly closed. Loss of too 

much water leads to the development of pressure solution, 

but prevents the formation of metamorphic segregation. 

2) A certain amount. of water has to be present. 

Taking Robins (1979) suggestions that micas act as 

catalysts in the development of metamorphic segregation, one 

might modify it in this case to the extent that micas act as 

catalys t, in as far as their formation provides the water 

necessary to cause metamorphic segregation. Thi s would n ot 

modify his graph (figure 1.2) since very quartz rich rocks 

and very mica rich rocks would still be competent. The 

minima for least competency of the rock is then g i v en by a 

composition in which there is enough mica to provide the 
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the maximum amount of water to recrystallize the quartz, 

yet not enough mica to classify the rock as competent due to 

an almost pure mica composition. 

Stating the same thing the other way around one 

could say: 

Original textures and structures may be preserved throughout 

limited metamorphism, if the rock remains dry. 

Obvious limits are partial melting and intensive tectonics. 
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