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Purpose of the Thesis

This thesis deals with the study of the chemi-
cal and petrographical variations across transverse cross-
sections of five different pillows sampled from a unit
within an ophiolite sequence located southeast of Thet-
ford Mines. An attempt to explain the chemical trends
existing along the cross-sections of the pillows, will
be made by considering the original bulk composition, tex-
ture and mineralogy and the redistribution of elements
subsequent to marine weathering and metamorphism in the
greenschist facies. Secondary metamorphic textures will
be explained in terms of the replacement of the original
mineralogy; primary textures which persist after meta-

~

morphism will also be discussed.









have been part of an oceanic crust formed during the
Cambrian and emplaced into late Cambrian basin sedi-
ments as a‘solid mass, during the early Ordovician
(Laurent 1975). The ophiolite sequence consists of a
thick basal unit of serpentinized harzburgite, with
minor dunite and orthopyroxenite grading upwards into
pyroxenites, gabbro, diabase, metabasaltic pillow lava,

hyaloclastite and cherty argillite.



Petrography

-



Petrography

A short section describing the general phy-
sical features of a pillow is included to serve as
background information to the reader.

A brief description of the general texture
and of the mineralogy and mineralogical texture will
be followed by an interpretation of the petrography in
terms of the original mineralogy and texture.

The areas of the different pillow zones from
which the thin sections were taken, are shown in fig-
ures 3 - 7 incl. (Appendix pp. 1 ).

Petrographic descriptions of the thin sec-
tions examined also appear in the appendix. The approx-
imate percentages of minerals recognized in the thin
sections are shown on Table I of the appendix. The mo-
dal percentages were determined by averaging the eyeball
estimates made on at least twelve fields of view (7.0 mm

d/a) for each thin section.



Characteristic Features of Pillows

Pillow structures consist of ellipsoidal
masses of volcanic flow rock resembling sacks or pil-
lows. Pillows are generally convex upwards along their
upper surface and relatively flat along their lower
surfaces. They fit closely upon one another "en eche-
lon" forming prominences along the lower surfaces which
extend into the areas between the upper and lateral
surfaces of underlying pillows. The transverse cross-
sections of pillows resemble flattemed elliptical
shapes with the longest diameter oblique or parallel
to the horizontal at the time of their deposition.

The longitudinal cross-section is generally assymme-
trical and may be more extensive than the transverse
cross-sections; the greatest thickness is found at the
leading end of the flow and the longest axis is para-
llel to the flow. Generally, the transverse cross-
sections become progressively larger in area in the
direction of the flow.

Documented evidence proves that the actual
formation of pillows takes place within an aqueous en-
vironment by the quenching of fluid lava. The flows
progress by a budding process in which magma extrudes
from fractures along the newly formed crust, in the di-

rection of the flow.

1o0.












the glass has been devitrified, hydrolyzed and recrys-
tallized. Actinolite is believed to have replaced au-
gite since the general chemical formulas and spacial
rélationships of these minerals are similar. Albite
varioles in the core could easily have replaced a
more calcic rich plagioclase with the removal of cal-
cium + aluminum and the addition of sodium + silica.

The varioles within the metamorphosed pillows
are composed of radiating albite crystals with inclu-
sions of actinolite and chlorite. This can be explained
by the original mineralogy of the varioles, in which
radiating plagioclase graiés were interfeathered with
fibrous augite grains. Chlorite in the varioles may
represent glass fragments which were trapped in the pla-
gioclase~augite aggregates. Needle-like actinolite
grains found within the varioles may represent former
augite grains which have undergone rather high rates of
crystal growth. As one might expect, the greatest de-
gree of crystallinity occurs in the core zone, which was
the last zone to cool and solidify. Even though crys-
talline plagioclase~augite varioles formed, the varioles
themselves represent crystal aggregates which underwent
high growth rates. Inclusions of chlorite may imply
that the quickly formed varioles assimilated small masses
of glassy material.

Recently, it has been suggested that variolites



formed by the immiscible splitting of a tholeutic mag-
ma before it was extruded (Gelinas et al., 1976). The
distribution of variolites within pillows could there-
fore be explained by hydraulic principals, in which

case the varioles would collect at an equilibrium zone

at the axis of a conduit.

15.



1le.

Mineralogical Control of Chemistry

Comparisons between the chemical analysis
and mineralogy of the different zones were made for
each pillow sample. It is important to note that the
chemical analysis of the different zones only approx-
imate the zones covered by the thin sections and that
the chemical analysis cannot show progressive changes
wighin a given zone as shown by thin sections. See
Appendix (pp. { ). The minerals listed below were
found to control the content of several major oxides

within the pillows.

OXIDE MINERAL
. 2= .
MgO chlorite (Mg,Fe )5 A12513010(0H)8
. .. F 2+ . 0 (0H)
FeO actinolite Ca2 e5 818 22 2
chlorite
A1203 clinozoisite Ca2A13(OH)(SJ.O4)3
epidote Caz(Al,Fe3+)3KOH)(SiO4)3
albite NaA181308
chlorite
Cao calcite CaCO3
epidote
clinozoisite
actinolite
Na20 albite
Fe203 hematite Fezo3

epidote









occurs in amygdules in the selvedge and intermediate
zones and in albite varioles in the core and inter-
mediate zones.

Ferric Iron: Ferric iron is most prominent in the
selvedge zone, decreasing abruptly within the inter-
mediate and core zones. Much of the ferrous iron oc-

curs in epidote and smaller amounts of hematite.

19.






21.

the sample rocks are low. The pillow samples plot
in the mid oceanic field of the AFM diagram (Fig. 10).
Pearce et al (1975) proposed a method of
distinguishing between oceanic and continental ba-
salts using a TiO2 - K20 - P205 plot. Figure 13
represents the plot with the boundary between the
oceanic and continental basalts. In order to justi-
fy the use of this diagram, rock analyses must be
screened using an AFM plot; only those rocks with an
alkali content of less than 20% can be used for the
proposed diagram, hence pillow E26 is excluded. Pearce
et al. suggested that a metamorphosed basalt, falling
within the oceanic field of the TiO2 - KZO - PZOS
diagram is most likely oceanic in origin since signi-

ficant amounts of potassium are usually absorbed during

the metamorphism of basalts.












these elements within the basalt follows that prescribed
by metamorphism.

The loss of CaO is the result of the high solu-
bility of Ca in sea water and the leaching processes of
hydrothermal fluids. (Spooner and Fyfe 1973). The loss
of Ca suggests that the partial pressure of CO2 was rela-
tively high, since the activity of Ca increases with the
CO2 content within the surrounding fluids. The high ac-
tivity of Ca would in turn precipitate TiO2 as sphene,
hence the TiO2 content of the pillow samples should not

be greatly altered. The TiO, content of these pillows 1is

2
low in comparison to modern mid-oceanic basalts but this
is typical for basaltic rocks from the Thetford Mines
ophiolite. (Seguin and Laurent 1975).

Si, Mg and Na were added to the volcanic pile
from sea water during submarine weathering and metamor-
phism. It has been suggested that the addition of Na

could be facilitated if hydrothermal alteration is sig-

nificant. (Scott et. al. 1976).

25.

The low potassium content of most of the pillows

is probably due to the composition of the original magma
rather than because of any removal during metamorphism.
In any case, the potassium content tends to increase with

the degree of alteration. (Scott et. al. 1976).

A loss in the total percentage of iron can be






fresh basalt ( 2.70%). It may be possible that not
all of the basalt in the Thetford Mines ophiolite was
exposed to sea water long enough to allow for the ad-
ditional absorption of K and Na (Hart S.R. 1974, Scott
et. al. 1976). It is also possible that the pillow
lavas did not suffer a high degree of hydrothermal al-
teration, in which case the content of Na.,0 and pos-

2
sibly K,O would have been higher. (Scott et. al. 1976,

2
Hart R.S. 1974). The fact that one of the pillow an-
alyses in this study plots in the spilite field of the
diagram is good evidence to suggest that only part of

the pillow basalt unit within the Thetford Mines ophi-

olite sequence is spilitized.

27.



The Internal Chemistry of the Pillow Lavas

Few chemical trends were discovered within
the pillows analyzed in this study. Most of the per-
tinent papers written on this topic state that MgO,
Ca0O and total Fe are more abundant towards the sel-
and Na,O are more abundant to-

2 2
wards the core. With the exception of pillow E16,

vedge zone, while SiO

which appears to have been altered to the greatest ex-
tent, the pillow analyses show an increase in SiO2 and
NaZO towards the core zone. Th;s trend resulted from
the formation of Albite at the expense of calcic pla-
gioclase during the metamorphism of the varioles. Un-
fortunately, only two selvedge analyses are available
for the study, both of those pillows show an increase
in the CaO percentage towards the selvedge zone. The
mineralogical control of the chemistry previously dis-

cussed in the thesis explains the chemical trends with-

in each pillow.

28.
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Schematic Diagram: Pillow E29
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xi

zone in which the varioles first appear. The grains
are irregular and have smooth boundaries implying that
they may be amygdules. Small grains have been observed
within the outer areas of varioles.

Clinozoisite is found in cavity £illings and
adjacent to few varioles.

Epidote occurs in veins and in cavities as
fine granules.

Traces of hematite were recognized in a ca-

vity filling.












Epidote is sparsely distributed within the

section, it generally occurs as small grains

in diameter ¢ in veins.

0.2 mm

XV






within the section.

Chlorite appears in dispersed amygdules
(0.2 to 1.0 mm dia) and as distinct grains, few of
which have relatively straight boarders. Large amyg-
dules are distinguished from chlorite grains by the
presence of zones of impurities within the chlorite
masses. The chlorite amygdules in the upper por-
tions of the section are often rimmed with albite.

Calcite occurs in irregular grains 0.6 mm
in diameter, dispersed throughout the section and as
a cavity or vein £filling.

Clinozoisite occurs as anhedral and subhe-
dral (tabular) grains 0.4 mm long and are dispersed
throughout the slide, more commonly located near the
bottom of the section.

Quartz occurs in small amygdules often rim-
med with chlorite.

Epidote exists in "trace amounts as small,

dispersed anhedral grains.

xXvii






xix

grains ranging in size from 0.5 to 2.5 mm in diameter,
in the upper portions of the section. Chlorite grains
are occasionally found within the outer edges of vari-
oles.

Calcite occurs as irregular grains and in
amygdules ranging in size from 0.5 to 1.5 mm in diame-
ter. Most of the calcite is concentrated towards the
bottom of the section.

Quartz occurs near the bottom of the section
in few varioles 1.2 mm in diameter.

Clinozoisite and Epidote occur as small an-
hedral grains 0.1 mm in diameter, scattered throughout

the section.






xxXi

amygdules with albite.

Few small amygdules of quartz 1.0 mm in dia-
meter exist within the section. Quartz also occurs with
chlorite in hexagonal grains up to 1.5 mm long.

Clinozoisite is scarce within the thin sec-
tion, one subhedral grain 0.7 mm long was the largest
grain recognized.

Opaque grains (hematite) are found within the
section in trace amounts. Another anhedral opagque min-

eral was also detected.



xxii

E26-1C

Modal Percent (Approximate)

Actinolite: 60% Epidote: 5.0%
Albite: 17% Quartz: 0.5%
Antigorite: 10% Clinozoisite: 0.5%
Chlorite: 7% Opaques: trace
Texture: Most of this thin section is composed of

actinolite as elongate grains 0.2 mm long. The grains
generally have a low length:width ratio of 5:1. There
seems to be a slight increase in grain size towards
the bottom of the slide. There is no evidence of grain
imperfections or inclusions. Actinolite grains within
the varioles at the bottom of the section are generally
much smaller and have higher length:width ratios than
grains in the matrix.
Albite is present near the bottom of the sec-
tion in the form of small varioles 0.5 mm in diameter.
Antigorite occurs in patches often bounded by
polygonal boarders. The grains or patches of grains vary
from 0.5 to 3.0 mm in length. The actinolite patches
are rimmed with a finely divided dork mineral (leucoxene?)
and then by an outer rim of closely spacedepidote. Anti-
gorite occasionally has a chloritic core. Antigorite
grains in the areas near the varioles are often invaded

by actinolite grains.
e









XXV

ranging in size from 0.5 to 3.0 mm in diameter. Chlor-
ite also occurs in the actinolite matrix, cavity £il-
lings and as small blebs within varioles.

Antigorite grains are present at the top of
the section. The mineral often occurs with hexagonal
forms. Dark, finely divided granules exist as a rim
around the antigorite. Larger antigorite grains are
often heavily included by actinolite, especially in the
zone in which the varioles appear.

Epidote exists as small anhedral grains (0.1

1.0 mm dia). Euhedral grains are found within cavity
fillings.

Clinozoisite is present in trace amounts as’
small tabular grains dispersed throughout the section.

Quartz is very minor, occurs in one grain

1l mm long.

Traces of hematite are present within the sec-

tion as well.






xxvii

ther anhedral or tabular.

Chlorite is found in small irregular patches
and as hexagonal grains ranging in size from 0.5 to
1.2 mm in length. Much of the chlorite occurs as small
blebs within the variole.

Quartz and clinozoisite are trace constituents,
quartz occurs in small rounded grains and clinozoisite

forms small tabular crystals.



E26-4C

Modal Percent (Approximate)

Albite: 50%
Calcite: 20%
Actinolite: 15%
Epidote: 12%
Chlorite: .3%
Opaqgues: tr

Texture: Albite occurs only within the coalesced
varioles in the core.
Calcite forms highly irregular grains (3 mm
dia. max.) dispersed throughout the section.
Actinolite is present in highly frayed grains
generally 0.3 mm in length.

the thin section since it occurs only within the var-

ioles.

It is rather sparse in

xxviii

Epidote occurs as anhedral grains (0.1= 1.0 mm

dia.) and in fracture fillings.
buted throughout the section.

Chlorite exists only as small patches within

the wvarioles.

Few hematite grains were seen in the slide as

well.

It is evenly distri-






dral (tabular), the larger subhedral grains are usu-
ally found with chlorite. Many of the grains appear
to be altered.

Calcite occurs in anhedral grains and in
subrounded amygdules ranging in size from 0.3 to 2.0
mm in diameter. Calcite is often found in amygdules
whicﬁ are partially composed of albite. Calcite is
distributed throughout the thin section rather evenly.

Albite is present within the thin section
in amygdules ranging in size from 0.5 to 2.0 mm dia.
Albite is also found in the very diffuse varioles
which first appear at the bottom of the section.

Quartz is a very minor component of the
thin section, it occurs in few small amygdules usu-

ally rimmed by chlorite.

XXX






xxxii

fan shaped pattern. Commonly more than one fan shaped
extinction pattern can be observed within one variole.
Albite is also found in amygdules 1.5 mm in diameter.

Calcite is present in the form of rounded and
ovoid amygdules ( 1.5 mm dia.), as small irregular
grains ( 0.5 mm dia.) and as a vein filling material.
Calcite is evenly distributed throughout theslide.

Clinozoisite grains are found throughout the
section in the matrix and in the varioles with chlorite
grains. The grains are anhedral or tabular in form and
are generally 0.7 mm long.

Epidote is a minor component of the thin sec-
tion, occuring in small anhedral grains throughout the
slide.

Quartz occurs in few elliptical amygdules

0.7 mm long.






XXXiv

dules 0.5 mm in diameter.

Clinozoisite is a very minor component of
the thin section, occuring in tabular grains 0.2 mm
long.

Traces of subhedral hematite grains were

detected in the thin section as well.






xxxvi

Anhedral and subhedral grains of epidote
and clinozoisite are found concentrated in the upper

areas of the slide.






xxxviii

Quartz appears near the bottom of the slide
in small rounded grains 1.0 mm in diameter.

Calcite is a minor constituent of the sec-
tion, and is found dispersed throughout the slide in
the form of irregular grains 1.0 mm in diameter.

Traces of opaque minerals were also found,

the minerals were small and anhedral in form.
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Opagque minerals are present in trace amounts

as small anhedral grains, associated with epidote in

cavity £fillings.

Hematite is the major opaque mineral.
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LXIII

the counts derrived from the standards and those from
the samples were determined and the weight percent ox-
ide was then deduced by a computer program. The stan-
dard which was most similar to the sample, in terms of
the content of all of the elements determined, was
chosen to compute the chemistry of the sample. The
weight percent oxide determinations were adjusted af-
ter the FeO and the total volatile percentages were

analyzed.
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Analytical Method (Ferrous Iron)

Ferrous iron determinations were made by wet

chemical analysis. Approximately 0.4 grams of rock pow-
der was transfered to a platinum crucible and mixed with
a solution containing measured amounts of deoxygenated
water, sulfuric acid and hydrofluoric acid. The cruci-
ble was covered and the mixture was heated over a low
heat for approximately 10 minutes, until all of the pow-
der was dissolved. The crucible was then quickly em-
mersed in a premeasured mixture of deoxygenated water,
a boric acid solution and sulfuric acid. Titration of
the resultant solution was done with the use of a po-
tassium dichromate solution and the ferrous iron con-
tent was deduced.

The procedure was tested with a standard re-
ference and the results obtained were accurate to within
0.05% ferrous iron. Two or three determinations of one
sample were made, all of the determination agreed to

within 0.04% FeO.



Analytical Methods (Loss of Volatiles)

Rock powders weighing approximately one gram
were weighed to four decimal places and transfered in-
to clean, pre-weighed porcelin crucibles. The powders
were placed in an oven and heated to 1000 C for one
hour. The crucibles were then placed in a dessicator
until cooled. The powders and the crucibles were re-
weighed and the loss of weight by the powder was de-
termined. One empty crucible was also used in the pro-
cedure, acting as a blank.

Adjustments in the weight of the heated pow-
ders were made for the oxidation of ferrous iron assum-
ing that all of the ferrous iron was oxidized. The cor-
rection factor used is as follows: 2 FeO = O Fe2 37
FeO x 1.1114 - FeO x. The value x was subtracted

from the final weight determination.



LXVI

IT Mineralogy and Microscopic Texture

Actinolite: Actinolite is one of the major con-
stituent minerals of the pillows studied. It is rare
or absent within the selvedge zone, where it occasion-
ally occurs as minute grains within albite amygdules.
Actinolite is generally found within the matrix of
the intermediate zone and to a lesser extent, within
the varioles located in the inner portions of the in-
termediate zone and in the core. It occurs as elon-
gate or accicular grains rarely exceeding 0.4 mm in
length with length-width ratios averaging about 7:1.
Many very small grains with very high length-width ra-
tios commonly occur within albite amygdules and within
varioles along with the larger, more prominent grains.
The ends of many grains appear frayed, espécially near
the boundaries of amygdules and varioles. Feather-
like or branching forms of actinolite appear in a few
pillows, these forms are usually found within and
around amygdules and varioles. The feathery forms of
actinolite are associated with highly splintered, elon-
gate grains. Many actinolite grains have crystal im-
perfections and appear to be hollow or to contain other
other material. Judging from the size of the impurity
within the longitudinal and transverse cross-sections,

the degree of grain imperfection increases with the
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grain size in zones which show variable grain sizes.
The small, needle-like grains within varioles and amyg-
dules lack this imperfection. The variation of the
grain size within a pillow is generally low in the ma-
trix. One pillow showed a clear but slight increase
in actinolite grain size nearer the core. The length-
width ratios of actinolite grains usually increase in
the same trend. Actinolite grains within the inter-
mediate zone often show a subtle orientation tangen-
tial to the boarders of the varioles and amygdules.
Actinolite grains within the varioles are randomly ori-

ented.

Chlorite: Chlorite is found in all of the major
zones of the pillows.' It comprises about 40% of the
selvedge 2zone, occuring as anhedral and polygonal grains
0.8 mm in diameter and interstitial to the epidote
grains. In the intermediate zone, chlorite is found in
the form of anhedral or polygonal grains, in amygdules,
as interstitial matérial between the actinolite grains
in the matrix and in small patches within varioles. The
chlorite grains are found throughout the pillows but
are generally concentrated within the selvedge and the
actinolite matrix of the intermediate zone. Anhedral
and polygonal grains are occasionally found within the

varioles as well. There does not seem to be any trend
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in the grain size distribution. The chlorite amygdules
are generally restricted to the matrix of the interme-
diate zone. Some grains have internal zoning which is
evident under crossed-nicols; rims of impurities and
of anomalous blue and brown colours can be seen. Chlor-
ite amygdules are commonly rimmed by other minerals,
usually albite. One section showed albite-rimmed chlor-
ite amygdules occuring only near the upper part of the
intermediate zone, this however was an exception. The
amygdules are either spherical or irreqular ovals in
shape. Both amygdules and grains range in size from

0.5 to 3.0 mm in diameter. Few tabular and hexagonal
chlorite grains are present with patches of antigorite
in one pillow. Small irregular patches of chlorite

0.1 mm in diameter are found within varioles but they
comprise less than 30% of the variole area in thin sec-

tion.

Albite: Albite is found throughout the pillows,
generally being more concentrated in the inner zones.
It occurs in amygdules, amygdule or grain rims and as a
major component of the varioles. Amygdules of albite
are present throughout the pillows but are generally
concentrated within the actinolite-chlorite matrix of
the intermediate zone. The amygdules are generally 1.0

mm in diameter and may show different grain size trends
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amygdules show a mosaic extinction pattern under crossed-

nicols.

Antigorite: Antigorite appears in the outer part of
the intermediate zone of pillow E26 and occurs in patches,
often bounded by polygonal outlines (0.5 to 3.0 mm in
length). The mineral has a highly irregular altered ap-
pearance and is usually rimmed by a dark, finely divided
mineral (leucocene?) and occasionally by an outer rim of
epidote grains. Antigorite patches in the inner part of

the intermediate zone are invaded by actinolite grains.

Opaques: Traces of opaque minerals were found
scattered throughout many of the piliows. The grains are
very small, 0.2 mm in diameter and are anhedral or sub-

hedral in form.
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