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ABSTRACT
A thin (<200 m.) mafic suite and well developed mafic/ultra-
mafic transition zoné are exposed above a flat lying peridotite
contact on northwestern Table Mountain. The igneous layering
and sedimentary features indicate mineral deposition under con-
ditions which promoted adcumulate growth, were capable of minor
transport, and were subjected to at least minor tectonic activity

during consolidation. Feldspathic. mafic, and ultramafic dikes
AN

N

and veins cross-cut the layering. Microscopic features indicate
deformation at elevated temperature and/or low strain rates.
Deformation is best developed within the transition zone, but
cataclastic zones are most common in the hornblende gabbros.
Orientations of layering, foliation, and lineation indicate e
variable mafic/ultramafic transition and macroscopic folding.
Geometric analysis indicates three distince fold axis orienta-
tions: an east - west horizontal fold axis, a northeast trend-
ing moderatly plunging axis, and a vertical though poorly de-
fined axis. Such features demonstrate that an apparently simple
contact relationship may be extremely complex. This has impor-
tant implications for ocean floor accretion. The relatively
simple ocean floor seismic stratigraphy masks very complex petro-
logical and structural processes. Such processes may involve
deposition in an actively convecting magma chamber with a differ-
entially subsiding wedge (Dewey and Kidd, 1977), in which folding

occurs:in response to the steepening angle between the cumulate



banding and the base of the magma chamber. The instability is
enhanced by the differént accumulation rates and densities of the
minerals involved. The lineation may originally be a sedimentary
feature indicative of transport direction from the convection
cell, and perpendicular to the compressive stress which.produced
the folding. The different orientations of lineations and fold
axes could be produced by rotation of the ocean crustal blocks
during lateral transport along the ocean floor and/or obduction.
Further detailed study of oéhiolite complexes will continue to

shed light upon the nature and development of oceanic crust.
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CHAPTER I

INTRODUCTION

Purpose .

Model building from geophysical evidence, ocean floor
dredging and drilling; and ophiolite mapping has suggested
a generalized structure for "normal"” ocean crust and upper
mantle, consisting of residual harzburgite, cumulate ultra-
mafics, cumulate mafics, plated gabbro, sheeted dikes and
pillow basalt. This layered sequence is produced at oceanic
spreading ridges, elevated sites of high heat flow and shallow
seismic activity. Magnetic anomaly patterns suggest that the
accretion process is roughly symmetrical about the ridge
axig. Several investigators have developed models to aid
in the explanation of the observed structure. Models using
petrologic, geochemical, structural, geophysical, geometric,
and thermal constraints from oceanic and ophiolite data,
have been developed by Moores and Vine (1971), Greenbaum (1972),
Dewey, Fox, and Kidd (1973), Church and Riccio (1974), Moore
et. al. (1974), Cann (1974), Sleep (1975), Bottinga and
Allegre (1976), and Dewey and Kidd (1977).

The Dewey and Kidd (1977) model (Fig. 1) suggésts a wedge
shape, concave upward, flaﬁ—fioored magma chamber. This model
is capable of explaining: 1) thickness variations between
the different lithologic units, by varyin§ the depth/width
ratio of the magma chamber, 2) on-strike compositional changes
in the cumulaﬁes, by depositing the cumulate material on a

flat floored magma chamber which undergoes diffential subsidence
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crust and upper mantle at accreting plate margin. No

account is taken of topography, and surface of pillow

complex is taken as level datum surface assuming per-

fect isostatic condensation.




in response to varying sedimentation rates and densities,
3) the termination of sheeted dikes at differing depths under-
plated by gabbro by a convective cooling 1id accelerating
from the ridge axis across a zone of decreasing dike injection,
and 4) the presence of residual harzburgite which gets plated
on to the ultramafic cumulates after yielding a basaltic
melt to the magma chamber.

This mapping project was conceived to be a detailed in-
vestigation of the Table Mountain Mafic Suite to find out
if the observed structure and petrology would be consistent

with a differentially subsiding cumulate model.

Location, Exposure, and Setting

Table Mountain is the northernmost of the massifs of
the Bay of Islands ophiolite complex on the western coast
of Newfoundland. It lies south of Bonne Bay between the
towns of Woody Point and Trout River, and within the boundaries
of the Gros Morn National Park.

Table Mountain has almost 2,000 feet of vertical relief
and is bounded on all sides by faults. Boulders rim the base
of the cliff, and near Trout River Pond on the southern side
of the massif, large landslides have a concave profile. Inter-
mittent streams have incised the sides of the massif and the
valleys vary in morphology from thin V-shapes to small cirgque
valleys.

The upper surface of Table Mountain is relatively flat.
This is attributed to glaciation (Smith, 1958), although

glacial polish and striations are rare. Outcrop exposure is



fairly good around the edge of the upper surface. Most of the
interior, however, has either a felsenmeer texture, probably
the result of frost action, or is covered by becg.

Vegetation is scarce on the ultramafic rocks, and is large-~-
ly confined to the bog areas. The lack of vegetation has been
attributed to both the toxic effects of chrome and magnesium
silicates, and the lack of proper nutrients such as calcium. ---
Vegetation is common in the mafic areas, but growth is stunted
band has the typical krumholtz morphology attributed to severe

winds, harsh winters, and inadequate nutrients.

Previous Work

The Bay of Islands ophiolite complex has been included
in reconnaissance surveys of Western Newfoundland geology be-

ginning with Logan's Geology of Canada (1263) and Howley's

map (1906). More detailed surveys of the area were conducted

in the 1930's and 40's by the Smithsonian Institute, and Yale
and Princeton Universities. Many of these investigations had
a sedimentalogical orientation, e.g., Schuchert and Dunbar,
1934; Troelsen, 1947; and Weitz, 1953.

The mafic and ultramafic rocks of the Bay of Islands
received individual attention in the 1930's when they were
mapped and described by Ingerson (1935, 1937), Buddington
and Hess (1937), and Cooper (1936). 1Ingerson {1935, 1937)
considered the massifs to be four separate layered Devonian
lacoliths. Buddington and Hess (1937), investigating North
Arm and Table Mountain, considered them one lopolith separated

by westward thrusting, Cooper (1936) examining the southern




two massifs, concurred with Buddington and Hess, and mapped
Blow Me Down and the Lewis Hills as dissected remnants of a
continucus lopolith overlying schists from the Humber Arm
Sediments and underlain by sediments and volcanics.

Smith (1958), on a 1:126,720 scale, mapped the northern
massifs as part of a huge sill. His map was only slightly
changed by Williams (1973), the most recently completed
reconnaissance map. All four of the massifs are currently
being mapped in greater detail (1:15,000) as part of a pro-
ject under J. Dewey at the State University of New York at
Albany to understand ocean crust accretion and ophiolite em-
placement.

The Bay of Islands ophiolites have also been sampled
for geophysical, structural, and geochemical studies par-

ticularly for comparison with and an understanding of ocean

floor processes (e.g., Mercier, 1978; Salisbury and Christensen,

1978) .




CHAPTER II

REGIONAL GEOLOGY OF WESTEXN NEWFOUNDLAND

The Western Platform of Newfoundland consists of four dis-
tinct geologic units; a Precambrian crystalline basement, an
authochthonous shallow water miogeoclinal sequence, an allochthon
consisting of two stratigraphicallv correlatable sequences, and
a neo-authochthonous shallow water sequence. (Fig. 2).

The Precambrian crystalline basement, consisting mainly
of gneiss and granite, is exposed in the Indian Head and Long
Ranges. Northeast trending tholeitic mafic dikes cut the
basement (Strong and William, 1972). Isotope determinations
indicate ages of 950 m.y. for the granite (Neale, 1972) and
605 £ 10 m.y. for the dikes (Stukas and Reynolds, 1974).

The authochthonous groups consist of shallow water

sediments unconformably overlYing the basement. Good ex-
posures have been described from Belle Isle (Williams and
Stevens, 1969) and the Port au Port area (Whittington and
Kindle, 1963; Stevens, 1973) and they are interpreted as
sediments deposited on a rifted continental margin.

North and horthwesterly derived, clastic sedimentation
commenced in the Eo Cambrian. The oldest exposed group, the
Bateau Formation, is cut by mafic dikes, which fzed the over-
lying basalt flows of the Lighthouse Cove Formation. Clastic
sedimentation continues with only minor disconformities until
the mid-Cambrian when carbonate deposition predominated in the

St. George and Table Head Formations. The carbonates are over-
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lain by the easterly-derived greywacke, shale and carbonate
sequence of the Goose Tickle Formation.

The allochthon consists of two separate transported
sequences, the Humber Arm allochthon in the south, and the
Hare Bay allochthon in the north. The structural succession
and nomenclature of these two sequences has recently been
reviewed (Williams, 1975). The stratigraphy is correlatable
between the sequences and melanges separate individual slices.
The Humber Arm supergroup is composed of four or five separate
slices; the Humber Arm slice, the Skinner Cove slice, the 014
Man Cove slice, the Little Port slice, and the Bay of Islands
slice. Lithologies of the Humber Arm slice show considerable
lateral variation and have been separated into two subgroups.
The Cow Head group, an outstanding sedimentary breccia com-
posed of limestone blocks in a shaley matrix, occurs north of
Bonne Bay, and ranges from Mid-Cambrian to Mid-Ordovician in
age. The Curling group, south of Bonne Bay, contains three
distinct lithologies, a westerly-derived quartzofeldspathic
"flysch" overlain by a shale carbonate unit, successively over-
lain by an easterly-derived quartzofeldspathic flysch con-
taining ophiolite detritus. Fossil ages indicate Mid-Cambrian
to Late Arenigian deposition (Stevens, 1976).

The Skinner Cove Slice, overlying the Humber Arm Slice,
consists of fresh alkalic mafic pillow lavas, red agglomerate,
latite flows, and shale (with Ordovician faunas, Berger and
Fahraeus, in Williams, 1975). Strong (1974), noting the con-

tinuous alkaline differentiation to trachytes suggested an



off axis spreading ridge origin. Alkalic basalts have also
been described from an ophiolite sequence in Southern Turkey
(Gracainsky, 1973).

To the east of and in steep faulted contact with the
Skinner Cover Slice, is a unit of polydeformed greenschist cut
by undeformed mafic dikes, the 01d Man Cove Slice. This unit
and the overlying Little Port Slice has recently been interpreted
as having formed at a mid-ocean ridge and subsequently deformed
in a transform domain of an oceanic fracture zone (Karson and
Dewey, 19%78).

The Little Port Slice is a complex unit of foliated gab-
bro and amphibolite, cut by quartz diorite and then intruded
by porphyritic and nonporphyfitic diabase dikes. Locally
ultramafic rocks are common. These appear undeformed, but in
thin section, show evidence of extremely high strain rates

(Stevens, 1976, quoting A. Nicolas). Zircons in the quartz

diorite yield ages of 508 ¥ 5 m.y. (Mattinson, 1975). Previous

interpretations for this slice included deformed continental
crust (Comeau, 1972; Williams and Malpas, 1972), a fragment of
the Fleur de Lys (Dewey, 1974), and an oceanic accretion melange
formed at the leading edge of an obducting oceanic plate (Malpas
et. al., 1973).

The structurally highest slice of the Humber Arm Allochthon
is the Bay of Islands Slice. This contains sediment, pillow
basalts, sheeted dikes, gabbros, and ultramafics, and is there-
fore a complete ophiolite sequence. A thin metamorphic aureocle

occurs at its base and is cut by the melange unit which separates
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it from the lower slice. The aureole may indicate detachment
of hot ocean floor (Dewey and Bird, 1971; Williams and Smyth,
1973) . Amphiboles from the aureole give isotopic ages of

460 ¥ 5 m.y. (Dallmeyer and Williams, 1975).

The Hare Bay Allochthon contains six separate slices.
The individual slices are roughly correlatable with the Hum-
ber Arm Allochthon. A detailed map of this area is available
from the Canadian Geological Survey Open File (Bostock et. al.,
in press).

The Northwest Arm Slice is correlative both in age and
lithology with the Humber Arm Slice. Its lithologies, how-
ever, have been severely disrupted and occur as blocks in a
shaly matrix. It is overlain by the Maiden Point Slice,

which has a base of pillow lavas, agglomerate, and tuffs.

This is overlain by greywackes, slates, and quartz pebble
conglomerates. The granites, blue quartz, and metamorphic
detritus within the conglomerate suggest a Precambrian base-
ment origin. Sedimentary structures suggest a westerly

source. Both sediments and volcanics are cut by gabbros and
diorites. The overlying Grandois Slice contains two structurally
superimposed units, a lower greywacke and polymict conglomerate,
and an upper unit of sandy limestone and brecciated quartzite,
silieous limestone and shale. The Milan Arm melange separates
the Grandois and Cape Onion Slice. This contains a wide

variety of exotic blocks, including some that are lithologically
similar to the Little Port Complex, in a green and black shale

matrix. The Cape Onion Slice is similar to the Skinner Cove
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Slice in age, chemistry and lithology. Like the Humber Arm
Allochthon, the Hare Bay Allochthon is capped with an ophio-
lite sequence, although not a complete one. The St. Anthony
Slice contains mafic agglomerates and pillow lavas, which
grade upward both structurally and metamorphically to green-
schists and amphibolites and is capped by ultramafics.

Logan, as head of the Canadian Geological Survey in the
Mid-Nineteenth Century, recognized the geological importance
of Western Newfoundland and employed Richardson to outline
the basic geological framework (Billings, 1862; Logan, 1863).
With this information, Logan correlated the Western Platform
sequences with those of the Quebec and Taconic groups. He
explained these groups as deep water sediments, transported
over their synchronously deposited shallow water equivalents,
and expected this thrust to appear in the Bonne Bay area,
which it does. Interpretations for and against this hypo-
thesis flourished during the next century (e.g., Schuchert and

Dunbar 1934, Cooper 1937, Betz 1939).

Current understanding of the Western Platform concurs
with Logan and began, in part, with a reinterpretation of the
Taconics (Zen 1961), the suggestion that both the Taconic and
Humber Arm Groups were large klippe that had undergone exten-
sive mid-Ordovician westward transport, and that the uppermost
igneous assemblages were included in that transport (Rodgers
and Neale, 1963).

The uppermost mafics were recognized as a separate slice

in 1968 (Church and Stevens, 1968) and termed ophiolites. As




12

other ophiolites were interpreted as fragments of oceanic crust
(Davies, 1968; Gass, 1968; Reinhardt, 1969), and the similarities
between the ophiolites were recognized, the Bay of Islands ophio-
lites were interpreted as ocean crust (Stevens, 1970; Dewey and
Bird, 1971; Church and Stevens, 1971). Recent work on the

Bay of Islands has focused on structural and petrologic pro-
cesses at ocean ridges.(e.g., Dewey and Kidd, 1977; Casey,

1978; Rosencrantz, 1978; Karson and Dewey, 1978).

Current Interpretations

The Western Platform is currently interpreted as a
Cambrian-Ordovician Atlantic-type continental shelf-margin
sequence which became compressed in the Mid-Ordovician during
the contraction of the proto-Atlantic (Wilson, 1966), sub-
sequently named Iapetus (Harland and Gayer, 1974). Different
schools of thought exist regarding, the type and occurrence of
events, the direction ‘of subduction, and the extent of the
Iapetus ocean and its relationship to the ophiolites. An
Atlantic type, stable continental margin was created by rifting
in early Cambrian time. The previously described sedimentary
facies were deposited on this margin at increasingly greater
depths (Fig. 3).

The question of subduction direction has not been resolved.
Dewey (1969) and Bird and Dewey (1970) show the destruction of
Iapetus via a west dipping subduction zone. Fragmentation of
the ocean and the development of rear arc and intra arc basins
have also been suggested (Dewey and Bird, 1971; Dewey, 1974;

Bursnall and deWit, 1975; Kennedy, 1975). Protagonists of east



URTOTAOPIQ) STPPIW 03 uetaquedaid aaddp

-TeIBUSD PpOI0]SOY

SHI0Y G3LYOdSNYYL
HiVINIE AYVONNOS JINOLO3L

140dSNVHL
AMVINIWIQ3S 40 NOILI3YIO

u—

el

ALINHOANOINN s
31VH3INOTONOD _ mwn.uw_

31010 Z1UVNO [+Hy
smod B

sma 3svevia a3r3us [{[]
oygave 3L inwng =
ouawo [,

auoon3d

s3wia ovw [1 ]}

Y004 OINVIIOA dtavw [15: ]

SHO0M OIMJHOWYLIN INITTVASAND |
vi20348 3N015INN [0 S]

S0y otsvd [}

$¥004 31VNOBNYY [

3LI08IHINY ‘Ongav9 031vinod Fx

*eaxe spueTsI Jo Aeg 94yl JO S300X

Jo suoTje(a1 [eanjoniis pue otydeibrielals pozt

(8L61 ‘Asmag pue uosaey pue {G/eT ‘uosxey !(T[L6T ‘SWeITITM woxjl) ¢ °*b14d
_ . - _— -
=
== "0
5
=3
=
41
- 095
ESEST 5
Xt e v ES
e nvajyod o v A
plardopleg Bl 5 bl ;
Jghyteptog s L Gk E o
s v Ty ki ] e OGN I ke >
+ L..».«m ux&»«:@, — ots - — =
+TH ETE sebic ] b T e
be TR | i L =| 3
N, + \V L L0 ki Sy~
N O D+ | GNOd NMOLA3ML INIOd HOMYW [l i
\/\ % Av++\ . JURTN BT ki =
NN N + b e L - 026 - _—
v0G oS —~ saidvy ano1 | o
+ .
N+ R o
Y + + — S P . o, ,.m
+ = = = Ny 143d, o
QW . .. . —1 —d_ P PO S
¥ g T M0Je 006
S B UT 7hid PPN I NN e NYI20GYN34L
TTTT W 300m | - NPEN ) il a
||||| PR g Q. 0 o e —t e
Z Shoeraol el o 9
Zovy £ z:&rm@L¢r.w, o o e oV TV — NYI9INIBY
rarrn oo S DU ‘S H00! Wiy O Q| J Pt J . 08¢ — o
(S 5 —~IN- e |
INMOC-3W- MO8 —e A tem S
X 09b- \ NllN!!MI\u|IN|\N|\..N\»l =10
o1 m
- - . ]
Ao | T VRN 35009 oLV gAY T | | =
P —_— HY e TEm—— —
T —— T — o
%30V L .S ———, ST —
25 9INIT002 AN R, A >
109 \_ mu\i\w ,,,,,, ——— NYIT3aNY T =
HLvMF-_-—-—_—<EH--<~<-\—HF.—MP~L0nv
<
9
| by | NVIO0QVHYD %
——1-GeP
SONVISI 40 Ave 3A0D x%zz_xm WHY ¥38WNH |av3IH Mo2 | 3781 31138 40 LvMlS 1H0d N¥ 1H0d INTL
1¥0d JULIN
NOHLHOO TV NOHLHD04NY/ INVYYIL ILYNOEYYD
/3INVHHIL O1LSYTD
400714 NY320 3S14/3407S JT3HS TVININILNOD
VEN3INILNOD




14

dipping subduction (Church and Stevens, 1971) favor a continuous
Burlington Peninsula-Western Newfoundland ophiolite sheet, dis-
rupted by tectonism and erosion. Recent investigations in

Notre Dame Bay (Nelson and Casey, in review) suggest eastward
dipping subduction for that area. Other studies (Kidd, 1977)
based on equally convincing evidence favor the opposite west-
ward dipping subduction which may be extended to include all

of Western Newfoundland.

Present day subduction patterns in active regions such
as New Zealand and Indonesia are complex and variable. 1In
light of this it is certainly reasonable to expect similar
complications in Ordovician subduction zones. It is also not
clear whether or not the Bay of Islands ophiolites were part
of the larger Iapetus ocean or a smaller arc related basin.

A comprehensive suggestion for the Bay of Islands ophio-
lites and Costal Complex (Karson and Dewey, 1978) suggests
formation during the latest Cambrian as part of an earlier
Ordovician ridge/ridge transform fault. By Tremodocian
time, the oldest parts of the Costal Complex would have passed
from the transform segment to the non-transform segment of the
fracture zone, and the Skinner Cove Sequence and associated
graptolitic shales would have accumulated.

Possibly, during early Arenigian time, reorientation of
relative motion vectors for the two plates nucleated oceanic
thrusting. By late-Arenigian time these ultramafics had been
thrust across the higher level ocean floor rocks producing

the basal metamorphic aureole of the allochthon. Compressional
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movement proceeded, during which time sedimentation continued

on the continental rise in front of the allochthon. The con-
tinental shelf may have been uplifted to produce the St.
George-Table Head disconformity. The allochthon, most likely
consisting of the complete allochthonous assemblage, prcbably
reached the continental shelf by late Llanvirnian time, shedding
clastics of the Goose Tickle Formation (flysch) westward over

the Table Head Formation (limestones). The complete allochthonous
assemblage was in place by late Llandeilian time and deposition
of the carbonates of the neautochthonous Long Point Formation

began.
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CHAPTER III

PETROGRAPHY

Introduction

The mafic suite of Table Mountain is a medium to coarse
grained layered assemblage consisting of gabbro, hornblende
gabbro, olivine gabbro, troctolite, anorthosite and pyroxe-
nite. These overlie an assemblage of peridotites. Compo-
sitional and grain size changes are both sharp and gradational.
Over most of the area, grain size is relatively constant.
Alteration products indicate an epidote-amphibolite grade of
incipient metamorphism.

This section starts with general rock descriptions and
is followed by detailed mineral descriptions. Table 1 lists
modes and grain sizes for samples of each of the rock types.

Fig. 4 shows the sample locations.

Rock Descriptions

Gabbro

Medium to coarse grained gabbros make up the majority
of the Table Mountain mafic suite. They weather grey-green,
the color being dependent upon the relative proportion of
plagioclase to clinopyroxene. Because the clinopyroxene
is more resistant to weathering than plagioclase, the rocks

have a corregated, rough surface. Cleavage faces may be seen

on the larger clinopyroxenes. Plagioclase weathers a chalk
white, making layers, dikes and minor structural features,

such as folds, easily detectable.
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Fig. 4

Location map for modal analysis samples listed in Table 1.
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Microtextures are typical of those described as xeno-
morphic granular, granoblastic or adcumulate.* Grain
boundaries between minerals of similar composition are usually
straighter than those between mineral grains of different com-

positions.

Hornblende Gabbros

Hornblende gabbros are present in restricted areas of
the Table Mountain massif (see Map III). In hand specimen
they are a charcoal grey brown or consist of alternating black
and white specks and lines. The coloring is a function of
grain size and mineral distribution.

The hornblende grains are shiny black on fresh cleavage
faces and dull black on weathered faces. They are accom-
panied by grey-green pyroxenes. Plagioclase weathers chalky
white. Fresh cut surfaces are dark grey-green with black
flecks.

A very coarse grained variety, containing hornblende
crystals 2 - 5 cm. long in a matrix of plagioclase, out-
crops at the edge of one hornblende gabbro area. In all
but the most fine-grained rocks, hornblende and pyroxene
grains have preferred orientation defining a mineral linea-
tion.

The hornblende gabbros may be separated into two groups

on the basis of hornblende morphology. Type one contains a

*Adcumulate refers to an originally cumulate crystal which
has grown since deposition by the addition of material of the
same composition. The growing grains mechanically push out the
intercumulus liquid. (Wagner et. al., 1960)
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higher percentage of hornblendes, which occur as large

(6 - 8 mm.) ophitic grains enclosing sub- and anhedral
plagioclase and clinopyroxene. Boundaries between these
grains and hornblende are rounded and lobate (Fig. 5). There
is no preferred dimensional orientation or layering in the
grains within the hornblende.

Type two contains interlocking separate hornblende grains.
Hornblende does not surround the plagioclase and pyroxene
grains. The distribution appears to be random and a mosaic
texture predominates. A weak preferred dimensional orientation
and mineral layering is seen in some thin sections. Both a
strong lineation and compositional and grain size foliation
are observed in hand specimen. Although the hornblendes in
Type II are considered primary, the polygonal texture suggests
recrystallization. This could have occurred under amphibolite
facies metamorphism where hornblendes and pyroxenes may co-
exist.

Both types show strain in the form of undulatory ex-
tinction, mechanical twins, deformation bands, and intra-

and interfolial cracks. Type II contains cataclastic zones.

Olivine Gabbro

Olivine gabbro weathers to both a dark grey-green and
an orange-brown-grey depending upon the percentage of olivine.
In the field it is often virtually indistinguishable from the
more clinopyroxene-rich varieties of gabbro.

Serpentine minerals forming after olivine have obscured

many of the primary textures. One sample from a dike which is



Fig. 5
Ophitic hornblende gabbro containing rounded and lobate plagioclase grains.

Fig. 6
Olivine gabbro with texture indicating simultaneous crystallization of grains.
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sub-parallel to. layering is remarkably fresh and must have
been emplaced post-serrentinization. Throughout this sample,
minerals of one composition curve around or £ill interstial
spaces of a mineral of a different composition. No consis-
tent sequence or order of crystallization is apparent. In
another area, three twinned plagioclase grains, separated
by several olivine and clinopyroxene grains, go to extinction
at the same time, (Fig. 6). These textures are clearly indi-
cative of simultaneous crystallization and are similar to what
might be expectéd in adcumulate growth such as seen in the
Rhum Ultrabasic Complex (Wager and Brown, 1960) or a cumulate
with resorbtion overgrowth, ;uch as seen in the Baie Verte
Lineament (Kidd, 1973).

Opaques occur as 'accessory minerals with euhedral to an-
hedral shapes. They have the same relationship to the rock as
a whole, as the other minerals, such as bending around a plagio-

clase and filling interstitial areas.

Troctolite

Troctolite weathers to a dark-red brown, with white nubs
on the surface yielding a very rough texture. The nubs are
formed by plagioclase grains which are more resistant to
weathering than olivine. The distinction between troctolite
and feldspathic dunite is usually placed at ten percent cal-
cic plagioclase.

Troctolite initially occurs as 10 - 20 cm. thick layers
and lenses within the gabbros and increases in abundance as

the ultramafics are approached. Thick layers (1 - 3 m.)
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Fig. 7 (opposite)
Anorthosite layer parallel to layering.

Anorthosite wedging between troctolite layers.
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such as those exposed in the S.E. edge of the map area are
usually accompanied by equally thick anorthosite layers.
Mineral layering is observed on the thin section scale.
Most samples are extensively serpentinized. There is no
evidence for either olivine or plagioclase being interstitial.
A few small grains and irregqular patches of clinopyroxene
are present. These may have resulted from an olivine-
plagioclase reaction during the rock formatiocn.
Opagques are common but, because of the serpentinization,
most of them appear secondarv. Euhedral and subhedral red
chrome-spinel grains are observed in many samples. Most

grains are about .3 mm. in size.

Anorthosite

Anorthosite, in association with troctolite, occurs as
thick (1 - 3 m.) bands of limited extent in three forms;
parallel to layering (Fig. 7), wedging between troctolite
(Fig. 8) and engulfed/enqulfing troctolite (Fig. 9). It also
occurs as thin (2 - 6 cm.) dikes, parallel to and cutting
both mafic and ultramafic layering (Fig. 10). Contacts with
other rock types are sharp. Anorthosite weathers to a chalk
white. In thin section grain boundaries have a mosaic tex-

ture suggesting possible adcumulate growth.

Pyroxenite

The pyroxenite is primarily clinopyroxenite and weathers
to a stubby, granular avocado green. It occurs mostly as thin

layers and dikes within the transition zone mafics and ultra-



Fig. 9 (above)
Troctolite engulfing anorthosite.

Fig. 10 (opposite)
Anorthosite dikes cutting both
mafic and ultramafic layering.
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mafics. A small isolated body approximately 3 m. in diameter
occurs at the top of Table Mountain.

In addition to clinopyroxene, minor amounts of ortho-
pyroxene, plagioclase, and interstitial olivine are present.
The plagioclase occurs in clusters surrounding some clino-
pyroxene grains. They are twinned and show almost no undula-
tory extinction. Some pyroxene grains contain fragments of
adjacent pyroxenes (Fig. 1l1l). This is especially, although
not exclusively, true where cleavage traces are intersecting
at high angles. Some olivines occur as small rounded grains
within the clinopyroxenes. Alteration in these rocks is

minimal.

Peridotites

Peridotites compose the majority of Table Mountain. They
weather orange and red with brown, the color and texture being
dependent upon the relative proportions of olivine and pyroxene.
Chromitite is also present as thin layers in small areas, usually

within dunite bands.

Late Dikes
A fine grained dike material with euhedral phenocrysts
of clinopyroxene and plagioclase interfingers with the gabbro
(Fig. 12). Very thin chilled margins are present. Flow is
apparent by the subparallel alignment of the plagioclase laths.
The dike material weathers to a smooth, dull grey-green.
Some of the phenocrysts are fresh, others have completely
altered to chlorite. The fine grained matrix shows smectite

alteration. The dike intrusion occurred pre-prehnite veining.



Fig. 11
Pyroxene fragments in adjacent pyroxene grains.

Fig. 12
Fine grained, phenocryst-bearing dike.
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Primary Mineral Assemblage

Plagioclase

Plagioclase is the most common mineral. The maximum
symmetrical extinction angle on albite twins vield compo-
sitions between An64_71. Smith (1958) determined that the
plagioclases were bytownite, An70_80 with most lving between
An.,_75- He does not state what method is used for his de-
terminations. Some samples were analyzed with X-ray powder
diffraction. Comparative studies between optic and electron
microprobe determinations have shown that optic determinations
are frequently five to ten percent lower. This is attributed
to the difficulty in finding the largest extinction angle.
The plagioclase compositional variation is not systematic
within or between rock types from Table Mountain. No optic
evidence for zdning is present.

Grain size varies from approximately 0.3 to 3 mm., with
most grains being between 1 - 2 mm. Some grains display a
weak dimensional preferred orientation. The majority of
plagioclase/plagioclase grain boundaries are straight with
triple point junctions. A tabular shape predominates. These
are similar in appearance to adcunulates from the Rhum Ultra-
basic Complex (Wager and Brown, 1967).

Small rounded and lath shape grains are frequently con-
tained in clinopyroxene and hornblende (Fig. 13). In turn,
small rounded grains of clinopyroxene, olivine and a few an-

hedral opacue grains lie within plagicclase grains {Fig. 14).




Fig. 13
Twinned plagioclase lath in clinopyroxene grain.

Fig. 14
Rounded clinopyroxene grain in twinned plagioclase.
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Growth and mechanical twinsl

are common. Undulatory
extinction of varying intensities 1is present in a large per-
centage of grains. Randomly-oriented grain microfractures are
prevalent, many extend beyond the grain boundary.

Plagioclase alters to epidote, sericite, smectite, and
sometimes to a variety of hydrogarnet. The extent of altera-
tion varies widely between samples. Incipient alteration to
chlorite is present along grain boundaries, in fractures, and
sometimes in random patches within the grain. It is possible
that the alteration pdtches were areas of high strain. -There
are two lines of evidence for this. One is that the more
highly strained grains show a'higher percentage of altered
areas. This strain, however, may itself be an effect of the
alteration. The other evidence comes from mylonite zones.
There are few large plagioclase grains in these areas, but
in one large tabular grain the alteration has occurred in an
almost conjugate fashion. If the grain shown in Fig. 1l5a is
considered to consist of four conjugate wedges, the two com-
pressive direction wedges are less altered than the two ex-
tensional wedges which would have had to accomodate the dis-
placement. Another large plagioclase grain oriented at ap-
proximately 45 degrees to the ‘layering contains three parallel
fractures (fig. 15b). The alteration in this grain is pro-
gressive. The upper third is almost completely altered, the

middle third is approximately fifty percent altered, and the

lThe distinguishing criteria between the two types of twins
will be discussed under microstructure.




Fig. 15a
Large plagioclase grain in mylonite showing alteration which is
preferentially developed in a conjugate pattern in the areas experiencing
the most compression.

Fig. 15b
Large plagioclase grain showing preferential alteration at the top of the
grain which would have experienced the most stress.

Fig. 16
Mosaic texture suggesting recrystallization around the edges of large
clinopyroxene grain.
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lower third is unaltered. If material were moving around and
past the large grain, and principles of fluid mechanics are
applied, the upper surface should be experiencing the most
force (for both laminae and turbulent flow). Therefore the

upper surface should be the most altered which it is.

Clinopyroxene

Clinopyroxene is the second most abundant mafic mineral.
In thin section it is an unpleochroic light brown grain
usually showing well developed cleavage and/or diallage parting.*
It has a diopside-augite composition (2V~~54, CAZ 45-50, mid
and upper second order maximum birefringence). No optically
detectable zoning is present, and with the exception of that
in pyroxenite, no optic variation was distinguishable between
rock types. Clinopyroxene in pyroxenite, however, is more
diopsidic and was determined (Smith 1958, Malpas 1976) to be
almost pure diopside. Twinning is very rare in all of the
clinopyroxenes.

There is a tremendous range in clinopyroxene grain size,
from small 0.1 mm. grains included in plagioclase to inter-
stitial grains ranging from 0.5 to 50 mm. across. The clino-
pyroxenes occur as individual sub- and anhedral-grains.- ‘Large
areas of mosaic texture suggest either adcumulate growth or
recrystallization of some 6f the larger grains. Grains of
olivine and plagioclase frequently occur within clinopyroxene

grains. These included grains commonly show alteration to

*Diallage is parting only parallel to the front pinacoid
(100) and hence may only be accurately determined with the
U~-Stage (A. Miyashiro, pers. comm.).
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serpentine minerals and chlorite around the grain boundary,
even when the rest of the pyroxene shows little or no altera-
tion (Fig. 13). The larger grains show the most strain features,
having deformation bands, including kink bands, undulatory ex-
tinction, and fractures. In some cases, the large grains are
surrounded by smaller mosaic texture grains which clearly sug-
gest recrystallization (Fig. 16). Random intragrain cracks
are not as frequent as they are in plagioclase.

Clinopyroxene alteration begins along cleavage traces,
grain boundaries, kink bands and fractures. Alteration
minerals include chlorite, blue-green and pale brown horn-

blende, actinolite, serpentine minerals, and magnetite.

Hornblende

The distinction between primary and secondary hornblende
is subjective. Primary hornblende is here taken to be the
poikolitic and granulite facies hornblendes previously described.
These hornblendes have their own crystal morphology, i.e., they
do not appear to be pseudomorphs after pyroxene, and have a
darker red-brown pleochroism than those hornblendes I consider
secondary.

The morphology of primary hornblendes has already been
described under hornblende gabbro. These hornblendes have
cAZ between 18-30° and 2v~~70°. The hornblende shows varying
degrees of alteration, but it is usually relatively fresh. It

alters to blue-green hornblende, actinolite and chlorite.

Olivine

Olivine is a major constituent of troctolite and a sig-
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nificant ingredient of olivine gabbro. It is slightly more
iron rich than olivine in the ultramafics and has a chrysolite
composition (Smith, 1958). In most grains the original shape
is obscured by serpentine minerals. 1In the one sample, from

a later dike, where olivine is remarkably fresh, it occurs

as rounded and anhedral interstial grains. With the exception
of the fresh sample (described in the olivine gabbro section),
oclivine does not incorporéte grains of other minerals within
its boundaries. In some troctolite samples, however, several
olivine grains may be seen almost surrounding a plagioclase

grain.

Orthopyroxene

Orthopyroxene is only present in some pyroxenites. It
occurs as an- to subhedral grains with a weak pink pleo-
chroism and 2vV~60°.

Since the pyroxenites are relatively fresh, alteration

is only incipient and is the same as that of the clinopyroxenes.

Accessory Minerals

Opagques and chromite are the only accessory minerals.
Most of the opaques are magnetite. A few grains of ilmenite
have been identified, but no systematic attempt has been made
to distinguish them. The opaques occur as eu to subhedral
grains within other minerals, along grain boundaries, as ex-
solution products in clinopyroxene and with serpentine altera—v
tion minerals. Euhedral and subhedral grains of a red-chrome
spinel are present and range in size from 0.1 to 0.3 mm. They

may bhe cracked and filled with alteration minerals.




Secondary Mineral Assemblage

Chlorite

Chlorite is the most abundant alteration mineral. Several
different varieties are present in plagioclase. Anhedral, un-
pleochroic, pea-green chlorite occurs with epidote along grain
boundaries. A fibrous, pale-green pleochroic chlorite forms
pseudomorphs after clinopyroxene in many samples (Fig. 17).
When this cccurs the more well develoved chlorite grains are
observed in the center of the relict clinopyroxene, whereas
the rim appears unaltered. This has been termed atoll-structure
(Edwards, 1960) and is attributed to compositional zoning
(Rast, 1965).

Large anhedral patches occur in the more severely altered
samples. These range in color from strongly pleochroic pale
blue to unpleochroic yellow-green and colorless varieties.
Birefringence is low and anomalous blue and purple colors are
common.

The presence of chlorite along plagioclase grain bhounda-

ries indicates that there has been a large degree of element

migration.
Epidote

Plagioclase alters in part to epidote. In most instances,
the epidote is not well-developed. It is most commonly ob-

served as granular aggregates of hich relief within plagioclase

grains and is usually accompanied by other alteration minerals.
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Sericite

Sericite occurs in patches and often pervades entire
plagioclase grains. As mentioned earlier, there appears to
be a relationship between strain and at least incipient
sericite alteration. In more severely-altered samples, large

areas of sericite occur.

Fine grained pale brown and yellow smectite replaces
some plagioclase. It occurs as a fine dusting on some grains
and as large anhedral patches, usually in association with

other alteration minerals.

Hydrogarnet

Plagioclase in the troctolites shows some alteration to
a milky white weathering variety of hydrogarnet. It is a low T,
silica-rich tri-calcium hexahydrate (Malpas, 1976). Euhedral
through anhedral grains occur. It is a common alteration mineral
of gabbroic rocks where the redistribution of calcium has taken
place and frequently occurs in rodingite (Deer, Howie, and

Zussman, 1975).

Actinolite

Actinolite and tremolite occur as; fibrous needles ran-
domly oriented in chlorite, growing out of clinopyroxene de-
formation bands, pseudiomorphs after clinopyroxene, and in

large acicular patches often banded by chlorite.

Hornbklende

Blue~green hornblende occurs as an alteration mineral of




Fig. 17
Fibrous chlorite pseudomorphs after clinopyroxene.

Fig. 18
En-echelon blue-green hornblende laths filling crack in hornblende gabbro.
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clinopyroxene and brown hornblende, forming euhedral laths, en
echelon along fractures (Fig. 18) and projecting from mafic
minerals into plagioclase. It also forms anhedral patches ad-
jacent to actinolite and along grain boundaries.

Brown hornblende occurs in irregular anhedral patches
adjacent to clinopyroxene grain boundaries and fractures. In
most instances it shows only limited development. It is not

clear whether it has a primary or secondary origin.

Serpentine Minerals

Olivine alters to serpentine minerals and magnetite.
These form anastomosing areas around the olivine grains, in
extreme cases obliterating any'relict of the original grain.

Even a small amount of serpentinization produces expan-
sion fractures. These fractures penetrate adjacent grains.
If a single olivine grain, such as one in a plagioclase, is
being altered, the microfractures radiate in a random circle
from the olivine grain. Where the olivine is layered, the
cracks are perpendicular to the layering. The expansion frac-
tures serve as conduits for further alteration of the cracked
grain. Clinopyroxene is more resistant to fracturing than

plagioclase.

Prehnite

Prehnite occurs as a secondary mineral in many of the
cross-cutting thin veins and in more intensely altered areas
and are sometimes accompanied by zeolites. Reniform globular

masses are common. Some of the thicker prehnite veins contain

tension gashes with calcite filling.
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Zeolites
Small zeolite grains occur with other alteration pro-
ducts and as incipient alteration in clinopyroxene. Most

grains are poorly developed and it is not possible to dis-

tinguish the individual minerals of this group.

Calcite
Calcite in these rocks is restricted to areas of intense
alteration such as the tension gashes mentioned above. It

occurs as fine grained aggregates.

Summary

The mafic suite was formed in an environment that per-
mitted some "solid state" adjustment of grain boundaries capable
of producing the frequently-observed polygonal grain boundaries.
Judging from the mesoscopic "sedimentary structures'", the most
probable environment was within a flat-floored magma chamber
allowing grain deposition and an adcumulate overgrowth. Adcumu-
late growth is favored by the relatively slow accumulation of
the hottom precipitate (Wager et. al., 1960).

Once deposited, these rocks underwent minor deformation of
both "soft sediment" or ductile, and more brittle forms.. . This
will be discussed more fully in the structural chapter. The
presence of dikes, of similar composition to the main rock,
cutting the layering suggests that after solidification, magma
was still accessible, possibly through tectonic processes.

Water was present, in at least restricted areas, to form

hornblende under primary poikolitic or later amphibolite facies
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conditions. The granulite conditions may have been a continuum
process, occurring shortly after deposition subsequent to only
minor cooling. Further metamorphism and recrystallization
occurred under epidote-amphibolite conditions. Mineral mobili-
zation is evident through the extensive development of chlorite
in some areas. Further calcium mobilization is apparént at
lower T's in the formation of prehnite, the minor presence of
zeolites, and very restricted occurrence of calcite.

The primary and secondary minerals are present in ocean
floor dredge samples. There is no field evidence to indiciate
that they are obduction related. They are assumed to have

occurred pre-obduction, under oceanic conditions.
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CHAPTER IV

PETROGRAPHY OF OCEAN FLOOR GABBROS

Plutonic rocks of gabbroic composition have been recovered
from the ocean floor near fracture zones, fault scarps and at
spreading centers;from dredge hauls (Shand, 1944; Quon and
Ehlers, 1963; Muir and Tilley, 1966; Cann and Funnell, 1967;
Bogdanov and Ploshko, 1968; Bonatti et. al., 1970; Melson
and Thompson, 1970; Miyashiro et. al., 1970; Miyashiro et. al.,
1971; Bonatti et. al., 1975), D.S.D.P. holes (Hodges and
Papike, 1976; Helmstaedt and Allen, 1977) and by submersible
sampling (Ballard et. al., 1976; Caytrough, in press; Malcolm,
1978; Stroup et. al., 1978).

The mineral compositions cover the full range of the
gabbroic suite including olivine gabbros, hornblende gabbros,
two pyroxene gabbros, troctolites, norites, anorthosites, and
even alkaline and nepheline bearing gabbros (Romanche Fracture
Zone - Thompson and Melson, 1972).

Sample condition varies widely from fresh and relatively
unaltered to severely serpentinized and chloritized, with ig-
neous to mylonitic textures. Grain size within even a single
area varies from microgranular to grains larger than one cm.
in size.

Plutonic samples are only recovered from areas that
have undergone tectonic activity. This suggests additional
deformational complexities and the possibility of extensive
exposure to sea water and hence low-T alteration. In light

of this it is remarkable that fresh samples are recovered
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at all. 1In a comparison of the abundance of rock types re-

covered from the Romanche and Vema fractures zones, Bonatti

and Honnorez (1976), found the following frequency relationships

in dredged samples classified as gabbro, metagabbro, amphibo-
lite, and mylonite:

Vema Fracture Zone:

metagabbro » gabbro = amphibolite

Romanche Fracture Zone:

gabbro)) metagabbro”= amphibolite'g'mylonite

In this categorization, however, they do not outline
the distinguishing criteria.

In both areas, serpentinite was the most abundantly re-
covered rock type. This may be due to the misidentification
of chlorite and serpentinite which has been demonstrated in
samples from the Gibbs Fracture Zone (A. Miyashiro, pers.
comm.) .

Fresh gabbros* are described with varying textures in-
cluding poikilitic, cumulate, hypidiomorphic, granophyric,
subophitic, and allotriomorphic (Bogdanov and Ploshko, 1968;
Melson and Thompson, 1270; Thompson and Melson, 1972; Hodges
and Papike, 1976; Helmstaedt and Allen, 1977).

Mineral compositions also vary. Plagioclase composition
varies from Ang_gy in chemically, although not optically zoned
grains in Cayman Trough rocks but grains with less than 50%

An are clearly altered (Malcolm, 1978), Angn.gs in D.S.D.P.Site

(Helmstaedt and Allen, 1977), weakly zoned and around Angq

*Gabbros used in the suite sense - not senso stricto.

334
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Romanche Fracture Zone (Melson and Thompson, 1970) and labra-

dorite to bytownite at 24° and 30° N. (Miyashiro et. al., 1971).

Mafic minerals include orthopyroxene, clinopyroxene, olivine
and brown hornblende. All of the analyzed orthopyroxenes
were hypersthene, many with augite exsolution parallel to
(100) indicating original crystallization as orthopyroxene.
Others show (100) and (00l1) augite exsolution indicating
original crystallization as pigeonite with subsequent in-
version to orthopyroxene. The (00l) exsolution augite shows
a tendency to form blebs, and with mild deformation to break
into granular aggregates. (Hodges and Papike, 1976).

Clinopyroxene occurs as unzoned and weakly zoned augite
(Romanche Fracture Zone - Melson and Thompson, 1970), diopside
(Romanche Fracture Zone - Bonatti et. al., 1970) and diopsidic-
augite (D.S.D.P. Site 334 - Hodges and Papike, 1976), fre-
quently with orthopyroxene exsolution parallel to (100).
Some augite grains exhibit a second more poorly developed
(001) orthopyroxene exsolution (Hodges and Papike, 1976).

Olivine is not very abundant. Where present, composi-
tional ranges include Fo72_84 in gabbros and F°82—88 in
troctolites from the Cayman Trough {(Malcolm, 1978) and
Fog2_gg in D.S.D.P. Hole 334 olivine gabbros (Hodges and
Papike, 1976).

Distinguishing primary and secondary amphiboles poses
the difficulties previously discussed. Manv petrologists
are convinced that primary magmatic amphiboles do occur.

Only brown hornblende is likely to be primary. Cann (pers.
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comm.) believes that they can be distinguished chemically.
Magmatic hornblendes have Ti0, contents above 0.4. Petro-
graphically they can be distinguished by their brown color
and location such as brown patches and rims within and
around clinopyroxenes (A. Miyashiro, pers. comm.).

Accessory minerals include opaques, sphene, apatite and
zircon. Many apatite grains may be secondary (F. Malcolm and
D. Stakes, pers. comm.). Almost all the samples show at
least mild deformation in the form of undulatory extinction
and mechanical twins in plagioclase.

The primary mineral assemblage of the Table Mountain
ophiolites to a first approximation contains a mineral as-
semblage similar to that of ocean floor mafics. The major
differences are the presence of orthopyroxene, pigeonite and
well-developed exsolution textures in the oceanic samples,
indicating a more limited amount of Ca for the available
Mn and Mg in oceanic samples. Plagioclases from both areas
are within the same calcic range so the calcium is not com-
bining with extra aluminum. Whole rock analysis (Malpas, 1976)
indicate alkali enrichment and magnesium depletion relative
to oceanic gabbro, although still within the relative ocean
gabbro compositional range. Some of the change may have
occurred during late stage alteration. It is more likely,
however, that they indicate a less tholeitic magma and pos-
sibly formation in an environment that allowed any less calcic
pyroxenes which formed to completely change to clinopyroxene.

The adcumulate texture of these samples suggests relatively
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slow accumulation, so the change would have to occur prior
to deposition.

A large percentage of gabbros dredged from the ocean
floor show signs of metamorphism (Cann and Funnell, 1967:
Miyashiro et. al., 1971; Ponatti et. al., 1975). These
samples have probably been subjected, in varying degrees,
to complex interactions of dynamic, contact, and thermal
metamorphic conditions. Because of different and complex
histories, traditional, regional, metamorphic facies classi-
fication criteria may not be valid.

This is a problem that has not been resolved and has
only been partially investigated, particularlv the asrects
involving tectonics and hydrothermal circulation alteration.

To deal with this an attempt has been made to separate
ocean floor metamorphics into two groups; one that may be
classified according to "burial® metamorphic criteria
(Coombs, 1961) with the emphasis on the lack of a tectonic
foliation, and another group that has undergone contact,
cataclastic and hydrothermal metamorphism (Miyashiro et. al.,
1971). The most clear cut distinction between these two
groups is an absence of tectonic foliation in the "burial®
metamorphics. The term ocean-floor metamorphism may be the
most appropriate to describe both types post-magmatic changes.
Thus denoting that additional and/or different factors have
produced the same mineral and compositional changes in ocean
floor rocks that are observed in orogenic belts.

There is also the further question of low T metamorphic
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alteration versus sea water alteration. Can and should a
distinction be made? And if so where should the boundary be
drawn. This is a problem which has only been recently addressed.
One-hundred ©C has been suggested as an arbitrary boundary,
but the chemical and petrographic distinctions at this boundary
are unclear.

Unfoliated oceanic metamorphic rocks have been classified
into two groups on the basis of the extent of alteration and
thereby the presence of the initial igneous composition
(Miyashiro, et. al., 1971). This classification has not been
widely adopted. Group I rocks are virtually unchanged from
their initial composition and texture. Group II rocks have
been intensely altered. The'alteration minerals of Group
I and II identify the facies classification. Metagabbros
from Group I lie within the greenschist and amphibolite
metamorphic facies. Some have undergone retrogressive changes
in the zeolite facies. The group is characterized by the
presence of calcic plagioclase (labradorite and bytownite)
and the absence of epidote. Even when the mafic minerals
show considerable alteration the high calcic plagioclase
remains intact.

Group II includes zeolite and greenschist metamorphic
facies. Many of these also retain gabbroic textures but
there is a loss of CZO and an increase in H,0, leading to
chlorite enrichment and the formation of some albite.

There is no classification system for deformed ocean

floor rocks. Their mineral assemblages permit them to be
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classified by the same criteria as the non-tectonic meta-
morphic facies and this is done although often with reser-
vation (Bonatti et. al., 1975; Cann and Funnell, 1967;
Hodges and Papike, 1976). The extent to which tectonic
factors affect the composition has not been determined.
There is considerable variation in the extent and variety
of deformed samples.

Dredge hauls from 24° and 30° N. on the Mid-Atlantic
Ridge (Miyashiro et. al., 1971) recovered metagabbros with
banded structures suggesting granulation and recrystallization.
The banding was accompanied by minute grains of brown horn-
blende produced by interstitial recrystallization. Granulated
pyroxene samples from 06° N. (Bonatti et. al., 1975) contained
banded amphibolitic metagabbros. Mineral layering on the
scale of 1 mm. was present and strain was apparent in the
undulatory extinction and freguently bent polysynthetic twins
in the plagioclase, xenoblastic gquartz grains and altered
mafic minerals. The fine banding is attributed to either
dvnamic metamorphism during dike injection or shearing along
upper ocean crust fault planes (Bonatti et. al., 1975).

A metagabbronorite (sic) from D.S.D.P. Hole 334 is in-
tensely deformed along a restricted narrow shear zone, which
contains large augen-shaped porphyroclasts with long recry-
stallized tails (Helmstaedt and Allen, 1977). Brown horn-
blende mylonites have been recovered from St. Paul's rocks
{(Thompson and Melson, 1872).

The differences in composition and texture between ocean
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floor gabbro samples are attributed to strain rate, temperature,
pressure, and the influence of volatiles.

In light of the extensive variability in sample composition
and texture, comparative petrography between ocean floor and
Table Mountain gabbro shows numerous similarities and dif-
ferences. Such a spectrum could possibly be obtained between
almost any "cumulate" suite of gabbros. Certainly numerous
pro and con comparisons have been made with layered intrusions.
An important comparison should involve geochemical and petro-
logical data, but such data is not currently available for this
suite.

There are several significant diffewrences between ocean-
floor and land or regional metamorphism: the lack of epidote
and hence the epidote-amphibolite facies in Group I meta-
morphics, the resistance of calcic plagioclase to alteration,
and the lack of carbonates being important examples. These
differences may be indicative of very low P with relatively
high heat flow, such as would occur near an ocean ridge mag-

ma chamber (Mivashiro et. al., 1971). However epidote is

developed in metabasalt so other complicating parameters such
as the extent of hyvdrothermal circulation and the oxidation
environment may be involved. It may alsoc be that it is easier
for apatite than epidote to form as a secondary mineral in

some éceanic regimes, such as the hydrothermal conditions in the
Galapagos spreading center, and hence become the calcium sink
(D. Stakes, pers. comm.). This however is unlikely in this

rock suite because there is no additional source of POy .
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More extensive metamorphism, such as that of Group II,
and deformation, could accompany transform domain tectonism
involving high strains, reheating and increased hydrothermal
circulation, but still at relatively low confining P.

Table Mountain gabbros all show some degree of alteration.
Most of the alteration is similar to that described for Group
I; i.e., chlorite, calcic plagioclase, actinolite, with very
little carbonate and the later development of lower T meta-
morphic facies. An important difference between the two
groups however, is the incipient development of epidote and
the lack of accessory minerals, particularly apatite gabbros.
This may be related to obduction, but is more likely the
result of a continuation of the ocean-floor metamorphism.

There are numerous possibilities for the incipient
development of epidote and lack of apatite. It may be that
the hydrothermal circulation and tectonic conditions away
from transforms are conducive to the development of incipient
epidote and not apatite. We also know very little about most
oceanic areas, particularly the initial stages of ocean
formation and back arc basins. Both of these areas may be
the site of pre-obduction ophiolites.

Any correlations between ophiolites, dredge hauls and
the majority of ocean crust should bhe drawn with the reali-
zation that both dredge hauls and ophiolites may be sampling
unrelated and anomalous bits of ocean crust. Nevertheless the
known chemical, petrographic, and metamorphic comparisons bear

substantial similarities indicative of some common parentage.
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CHAPTER V

STRUCTURAL GEOLOGY

Mesoscopic Relationships -

The Northern exposure of Table Mountain consists of a

base of ultramafic rocks capped along a roughly horizontal
contact with mafic rocks, which include gabbro, hornblende
gabbro, olivine gabbro, troctolite, feldspathic dunite, and
anorthosite. A layering and a lineation are present in both
the mafic and ultramafic suites.

The layering is primarily defined by a compositional
variation between the layers, although some grain size varia-
tion is present. Layers range from approximately 1 cm. to
several meters in thickness. Most layers are between 1 and
10 cm. thick in the mafics (Fig. 7). In the transition zone
area, however, the layers are commonly .5 to 1 meter thick,
with thin bands of pyroxene or chromitite within the ultrama-
fic layer. The layers are discontinuous over distances of
less than 100 meters. The presence of sedimentary'structures
and adcumulate textures suggest that at least the primary
layering is sedimentary.

A lineation, defined by the alignment of mineral aggre-
gates is present in most outcrop§ and lies within the foliation
plane. Because of differential weathering, the pyroxene linea-
tion is more detectable and hence was the one that was measured.
Where grain sizes were small or no differential weathering was
present, a lineation was not observed. The aligned grains ap-

pear to be individual minerals showing varying degrees of
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deformation and do not appear to be boudinéged.

Close to the transition zone or mafic-ultramafic contact,
there are small ultramafic pods. They have both elongate and
rounded shapes, but the elongate shape predominates.- The
layering within the pods is usually parallel with that of the
surrounding gabbro, although the boundaries are not. They
occur in areas which have undergone extensive macroscopiclfolding.
Similar mafic pods are not observed in the ultramafics. Several
interpretations are possible. The ultramafic material may have
been deposited at the same time as and within the mafic material.
This would help to create an instability (probably due to den-
sity contrast) which resulted in folding. Alternatively,
folding may have occurred, squeezing the ultramafic material
into the mafic material with the subsequent development of a
foliation. In the latter situation, the foliation could be
parallel, or close to parallel, with the primary layering.

Neither explanation addresses the question of why mafic pods

do not appear in the ultramafic layers.

Although some criteria have been outlined by structural
geologists (e.g., Hobbs, Means, and Williams, 1977, pp. 156-
159), it is often difficult and even impossible to distinguish
between tectonic and sedimentary structures in metamorphosed
and deformed rocks, especially when features such as a cumulate
origin or transposition are involved. The distinction is some-
times made on lithological basis. This however, cannot be ap-
plied to ophiolite complexes which have igneous and metamor-
phic lithologies, yet display sedimentary features. In layered

intrusions, such as the Skaergaard and Bushveld Complexes,



Fig. 19

Fig. 20
Cross lamination in gabbro channel structure.
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many features have a sedimentary origin (Wager and Deer, 1967).

Five types of sedimentary features were recognized in the
Table Mountain mafic suite. They will be discussed in two
groups. The first group consists of those features fndicating
transport and deposition, such as channels, cross-lamination,
and graded bedding.- The sécond group contains those features
that indicate post-depositional, or soft-sediment style defor-
mation and includes a variety of slump features such as folds
and faults. Both groups of sedimentary features may have
undergone subsequent deformation.

Throughout the mafic suite, layers show abrupt composi-
tional change. Many of the contrasting layers cut the layering
and are clearly dikes. Others parallel the layering and may
be either depositional layers or igneous sills. A third type
of variation, however, suggests minor winnowing, forming
small channel-structures, and continued deposition. Such an
example is shown in Figure 19. Both leucogabbro, anorthosite,
and olivine rich channel fill are present. The channel trun-
cates the gabbro layering} Within the channel, the layering
is not strictly parallel with that of tpe host gabbro, and é
compoéitional variation suggests cross-lamination.

The single most convincing example of sedimehtary trans-
port and deposition during the formation of the ophiolite com-
plex is $hdwn in Figure 20, where cross-lamination in a leuco-
gabbro abuts a layered gabbro channel structure. Other examples
of channel structure and cross lamination are not as clear,
e.g., Figure 21, which shows anorthosite-leucogabbro composi-

tional changes at a steep angle of repose with regular layering



Fig. 21

Fig. 22
Weak size grading in an anorthosite layer with the appearance of a pseudo-fold.
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’

above and below the cross lamination and equant grain'size.

Graded bedding is poorly developed in the Table Mountain
mafic suite. Figure 22 shows one of the few examples of weak
size grading, in this instance occurring in one of the anor-
thosite—leucogabbro layers, The absence of size gradlng sug-
gests that the formation processes allowed only a very narrow
‘range in grain size. In a convecting magma chamber this may
relate to the size and rate of movement of a convecting cell,
as well as viscosity. |

The second groups of sedimentary features, folds and
faults, can be associated with slumping, and are indicative
of mechaﬁical instability. Two styles of intrafolial folds
are present in the Table Mounfain mafic suite; symmetric,
tight, or isoclinal isolated folds (Fig. 23), and asymmetric,
multiple and single hinge folds, mostly with and S-symmetry
(Fig. 24). Some fold limbs have unéergone thinning. Most
of the folds occur on flat one-dimensional surfaces, making
pitch and plunge measurements extremely difficult. Half-
wavelengths varied between 6 and 20 cm. Larger folds also
exist. As seen in Flgure 25 on a surface where the llmbs are
exposed, the anorth051te looks like layerlng. At roughly
right angles to that surface however, the layer appears to be
folded. No axial surface foliations are developed, suggesting
that folds formed prior to lithification. This assertion is
further supported by the undisturbed appearanee of the over-
lying layers. However, folds such as those in Figure 23 have
feldspars which indicate possible tectouism, and post-

lithification deformation cannot be ruled out.



Fig. 23
Symmetric intrafolial fold.

Fig. 24
Asymmetric, S-style, intrafolial fold.
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A third style of folding, non-intrafolial, shown in
Figure 26, contains several convoluted layers suggesting a
more thorough mixing. These folds may be the result of
slumping in the magma chamber, such as in response to a slight
change in dip or tectonic activity. In marine sediments, a
dip of even one degree is estimated to be sufficient to cause
large scale slumping. Slump folds described in the sedimentary
literature, however, usually present a more chaotic and dis-
rupted appearance than is observed in those of Table Mountain.
The influence of solidification in an igneous regime has not
been assessed, and may aid in the restrained quality of these
folds.

A fold style, here termed "pseudo-fold" is also present.
This feature appears to represent the low angle intersection
of two dikes, or a dike and a layer of similar composition.

It is most easily observed when the pseudo-fold material is
plagioclase rich. The intersecting angle may be sharp, as
observed in Figure 22. 1In this example, the presence of
graded bedding in only one of the limbs rules out the pos-
sibility that it is a fold. Other examples are not as clear.
Figure 27 shows the more rounded intersection of an anortho-
site dike and layer, or two anorthosite dikes. The widening
of the "limbs" at the pseudo hinge area is interpreted to

be the result of the confluence of the two dikes.

One of the most clear pieces of evidence for soft-sediment
deformation is shown in Figure 28. In a solid glock, an area
of layered anorthosite and gabbro has been down dropped and

tilted. The edges are offset and diffuse. Gabbro is present



Fig. 25

Fig. 26
Multiple folds in transition area.
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where an anorthosite layer would be expected. No layering

or lineation is present in the gabbro fill. The faulting or
slumping must have occurred before rigid fault lines could

be maintained. The lower anorthosite layer is approkimately
30 cm. thick in the unfaulted block. It is less than half
that and decreases at an angle in the faulted block. There-
fore it appears that, as observed on this surface, anorthosite
was removed during faulting. Only a few cm. above and below
the fault area, the block shows a continuous gabbro layer
suggesting that the effects of the deformation were restricted
to a narrow zone.

Such a situation might develop where cooling to a solid
occurred shortly after deposifion under a steady state regime
for a magma of gabbroic composition. The introduction of a
thick anorthosite layer may have introduced an_instability
through either rapid accumulation or a different cooling rate,
i.e., some mechanism which created a layer which was unable
to withstand the subsequent loading or was more easily dis-
turbed by minor tectonism.

Literature on experimental soft-sediment deformation is
sparce and extrapolation to an igneous magma chamber is dif-
ficult. A majority of the work appears to have been done by
Rettger (1935). The deformation mechanism‘usually could not
be determined from the end deformation structure. Intrafolial
folds and slump features were produced by all of the types of
deformation except falling objects. During subaqueous slumping,
intrafolial folds formed perpendicular to the direction of the

moving mass. In cases of differential movement, intrafolial



Fig. 27
Pseudo-fold caused by the intersection of an anorthosite dike and
anorthosite layer or two anorthosite dikes.

Fig. 28
Pre-lithification slumping in anorthosite-gabbro block.
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folds, showing a consistent sense of direction formed with

the dip of the axial plane almost 45° toward the dip of the
moving face. The larger the load the thinner the deformation
zone. Intrafolial folds produced during differentiai loading
dipped towards the loading plane. If the loading plane was
uneven, faults as well as folds formed. The faults had dif-
fuse boundaries and were down thrown on the less weighted side.
Minor bend folds were observed along some of the faults.

The development of the previously described sedimentary
features, and adcumulate texture indicate that a magma chamber
existed for at least part of the formation of this ophiolite
suite, and that both transport and prelithification deforma-
tion occurred within the magma chamber. Convection coupled
with tectonic activity could produce the observed sediméntary
features. The extent and style of the resulting structures
would depend upon: 1) the rate, size, and shape of the con-
vection cell, which in turn is related to the temperature,
temperature gradient, viscosity, and size and shape of the
magma chamber; 2) the rheology of, and viscosity contrast
between, the magma and crystals; and 3) the presencé and ex-
tent of tectonic activity.

Dike injection and further deformation occurred post
consolidation. Dikes of dunite, pyroxenite, anorthosite, and
combinations of these minerals intersect, parallel, and cut
the layering of both mafic and ultramafic rocks. Feldspathic
dikes, 1-3 cm. wide are the mdst common occurring in both

the mafic and transition zone suites. They frequently contain



Fig. 29

Fig. 30
Dunite dike in layered mafic rock.
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minor amounts of pyroxene and sometimes hornblende. No
chilled margins were observed in any of the dikes. Dunite
dikes are also common, particularly, in the ultramafic part

of the transition zone where they form frequent inteésections
(Fig. 29). They also occur in the mafics, but, as with the
anorthosite dikes can only be ascertained for certain where
they cut the layering as in Figure 30. Like the anorthosite
dikes they are usually a few cm. wide. In the example shown,
the dunite dike terminates against a coarse grained gabbro
layer. These course gained layers increase in frequency towards
the transition zone. Most were parallel to the layering, but
a few, particularly the thinner ones, cut the layering. Horn-
blende has formed around the edges of some of these pyroxenes,
indicating the presence of water and suggesting later stage
magmatic injection.

One curious feature of the Table Mountain ophiolite suite
is the presence of large pyroxenes. These are mostly found
(in a single area) close to the hinge of a macroscopic fold.
In some outcrops the large pyroxenes are abundant (Fig. 31).
In other outcrops, only a single large pyroxene is present
(Fig. 32, shown in greater detail in Fig. 33). In the mul-
tiple pyroxene area, many grains have augen shapes and tails.
Adjacent layering conforms to the grain outline. Some grains
appear compressed and to varying degrees. In thin section
the grains show the effects of considerable deformation and
recrystallization. This suggests that deformation occurred
after the pyroxene was present and that it had a different

rheology than the surrounding gabbroic layers. It is difficult,




Fig. 31
Multiple large pyroxene grains in layered gabbro.

Fig. 32
Single large pyroxene grain in layered gabbro.
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however, to explain the varying amount of flattening in the
pyroxenes over such a small area. -

Where the single pyroxene is present, the grain does not
appear to be as deformed as those in the multiple pyfoxene
area. Cleavage traces are roughly perpendicular to layering.

The underlying olivine gabbro layer is slightly compressed,

but flattening is absent in the pyroxene grain. The overlying
layer contains a fine grained material which roughly parallels
the pyroxene grain and fills the irregular parts of the surface.
The coarse grained gabbroic material, which makes up the majority
of the overlying layer is only slightly deflected by the pre-
sence of this large pyroxene grain. If a sedimentary origin

is invoked, a large crystal could have formed, been trans-
ported, and then deposited. Once deposited, some continued
growth and minor deformation may have occurred in situ.

Not all features, however, can be attributed to sedi-
mentary style deformation. Post-lithification deformation,
or deformation in a more solid state, is observed in the form
of offsets in dikes, deformation of the layering and lineation,
and the presence of high strain zones and mylonites. = (The high
strain zones and mylonites will be discussed later in a section
dealing with cataclastic rocks.)

Figure 34 shows an area of medium-grained well layered
gabbro which is bent and then truncated by a finer grained homo-
geneous gabbro. A ridge of material has formed along the abutting
plane which roughly pérallels the nearby'layering. In Figure 35,

a feldspar lineation, or the right hand side of the photograph




Fig. 33

Fig. 34
Deformation of layered gabbro terminating against homogeneous gabbro.
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Deformation of feldspar lineation.

67



68

is deflected from a high angle to subparallel to a thin

anorthosite dike. On the left, the dike is offset and the feld-

spar lineation maintains a constant orientation. A possible
interpretation is that the dike was in the lower position and
that the right hand (now upper) side moved, compressing, and

deflecting the feldspar lineation.

Macroscopic and Geometric Relationships

The mapped area has been divided into six subareas which
are shown in Figure 36. Poles to layering and lineationsAfor
each subarea have been plotted on an equal area net and con-
toured using the Braun (1969) method. Some of the subareas
have similar geometric patterns and will be discussed together

in the foilowing sequence: IV and V; I and II; III; and 1IV.

Subareas IV and V

Poles to layering in subarea V have a 22% per 1% area
maximum concentration, lying within a pi circle (Fig. 37a).

The distribution isvskewed or appressed to the S.W. suggesting

an asymmetric fold with either more extension or more exposure

along the N.E. limb. This is borne out by the map distribution
in which more of the N.E. limb is exposed. There is no signi-~

ficant or consistent change in dip.

The pi axis lies at 50 - 34 and is only 4° away from the
area of maximum lineation concentration (Fig. 37b). The linea-
tion's lie along a great circle, strongly skewed to the east.
The strong concentration at 50 = 32, as with the poles to
layering, is a function of the outcrop exposure and not neces-

sarily the folding process. For example, the lineation roughly
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parallels the pi axis, but at the fold hinge the lineation
follows the fold form and is actually perpendicular to the
fold axis. This suggests a pre-folding lineation which
maintained a constant relationship with the folded léyers.
The poles to layering in subarea IV also lie along a
pi circle skewed to the S.W. and away from the area of maxi-
mum concentration. The pi axis lies at the point of maximum
concentration. The lineation concentration, however, is not
as strongly skewed along a great circle as in subarea V. The
map pattern is not straight forward. There is considerably
more outcrop along the N.E. end of the limb and the hinge
area is not as tight or as well defined as in subarea V. In
the central area there is a considerable disruption of the
layering, hornblende gabbro, a porphoritic mafic dike, and

high strain zones are present.

Subareas I and II

Subareas I and II present the most complicated maprpattern
suggesting numerous small fold and faults. Poles to layering
in subarea I define a thick pi circle with two submaximums of
7% and 13%. The pi axis at 05— 93 lies adjacent to the area
of maximum lineation concentration (Fig. 39a and 39b). The
great circle, defined by the lineation concentration differs
by less than 10° from axial plane. 1In a relatively flat lying
fold, such as that defined by the equal area net small pertu-
bations in the layering and folding would be especially apparent.
Subarea II S-poles plot with a maximum concentration of

10%, but do not define a clear pi circle. Instead the geometry
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suggests a rather poorly defined steeply plunging fold limb.
Only twenty lineations were measured in the area. These plot
in an irregular elliptical form on an almost horizontal plane
with a maximum concentration at 03-» 100. This is véry close
to the maximum lineation concentration of the overlying gabbro
(0= 80-90). The lineation then lies roughly parallel with

the mafic/ultramafic contact.

Subarea III

No geometrically simple form is apparent in the pi dia-
gram of subarea III. Two areas of major concentration lie
within an irregular 1% per area concentration. A great circle
through this area gives a pi axis of 30— 321 (Fig. 41).

This does not lie within the great circle defined by the
lineation. Along a great circle the maximum lineation concen-
tration and pi axis ‘are separated by 90°. The outcrop distri-
bution suggests a predominantly N.W. trending, moderately
dipping layering which becomes folded, faulted, and deformed
in a series of high strain zones which increase in density
toward the hornblende gabbro area. The petrography indicates
that the hornblende was present before deformation. Possibly,
the presence of water in the hornblende facilitated the defor-

mation in this area.

Subarea VI

This area spans the greatest relief and has the widest
range of lithologies. A weak pi circle can be drawn from the
S-poles giving a vertical pi axis. The axis approximately co-

incides with the maximum lineation concentration (Fig. 42a and

42b) .
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Within this area two large blocks of gabbro and one
large block of troctolite/anorthosite/and gabbro mixture are
present in the ultramafic rocks. The two blocks do not appear
to be defdrmed. They lack high strain zones and have‘a regular
steeply dipping, N.E. trending layering. The underlying ultra-
mafics are serpentinized obscuring any deformation features
which may have been present. The mixed composition block,
however, contains several small high strain zones. The origin
of these blocks is unclear. They may be glacial erratics,
part of a block which became separated during obduction or
during the formation of the Trout River Fault, or part of
the primary crustal structure.

On a composite net, the ten percent per area concentration

for S-poles and lineations for all six subareas has been
plotted (Fig. 43). The S-poles plot in a moderately to steep-
ly south plunging direction slightly skewed to the east. This
agrees with the generally N.W. trending foliation found in
the other Bay of Islands massifs. The lineations lie in three
distinct groups: Subareas V, I, and III moderately N.E. plunging;
Subareas I and II horizontal and east-west trending; and Subarea
VI steeply N.W. plunging. One possible explanétion for the
homogeneity in S-poles and heterogeneity in lineations may be
different styles of folding.

The Dewey/Kidd model predicts S-shape folding of the gab-
bro layer during differential subsidence. In this model some
of the highest angles of repose are expected at the layer two/

layer three interface. This coupled with the density contrast
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between mafic and ultramafic layers, and possible accumulation
rate differences suggest that this would be a very unstable
area and subject to large scale slumping. Compression of the
slumped material as it moved away from the spreading center
could maintain and enhance the primary layering and accentuate
lineation differences, particularly if the lineation had
changed orientation during folding.

In summary, the development of the Table Mountain mafic
suit may be considered to have occurred in the following
sequence:

1) Deposition of the mafic and ultramafic material along

a differentially subsiding floor, as depicted in the
Dewey and Kidd model, within a convecting magma cham-
ber, capable of forming sedimentary style structures.
2) Injection of dikes, possibly with an increasing water
content. f

3) Folding of the material on a macroscopic scale which
resulted in complex geometric patterns and some de-
formation of the material.

4) Formation of high strain zones (these may have begun

in response to the folding but continued after the
major phase of folding subsided).

5) Formation of mylonites, possibly in response to obduction.
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CHAPTER VI

MICROSTRUCTURE

General Introduction

Although the optical scale microstructures of deformed
rocks have been described since the work of Sorby (1853),
Sander (1930), and Harker (1932), our understanding of these
features and their relationship to larger scale strains is
very limited. Microstructures are largely concerned with the
role of crystal defects in déformation processes and the ways
in which the arrangement of crystal defects may be influenced
by the thermal history (Hobbs, Means, and Williams, 1976).

Many early experimental ihvestigations were conducted on
metals (Cahn, 1953, 1954; Pratt, 1953; Hall, 1954) which have
higher symmetry and give less ambiguous results. More recent
work has been aided by the use of the transmission electron
microscope, allowing a higher resolution of the microdeforma-
tion structures. The majority of experimental investigations,
however, are conducted on monomineralic rocks, particularly
quartz or olivine. Extensions to gabbroic rocks are scarce.

Nevertheless, some experimental work has been done on
the two primary mineral constituents of gabbro; plagioclase
and pyroxene. This work, and its relationship to the features

observed in the Table Mountain gabbros, will be discussed.

Plagioclase

Introduction

Plagioclase has a triclinic symmetry. Despite its abundance
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in crustal rocks, it has received little experimental atten-
tion, especially when compared with investigations of quartz
and olivine deformation. Among those who have conducted ex-
perimental plagioclase deformation studies are; Muggié and
Heide (1931), Laves (1965), Borg and Handin (1966), Seifert
(1968), Borg and Heard (1967, 1969, 1970), White (1975), Mar-
shall et. al. (1976), and Seifert and Ver Ploeg (1977).

Plagioclase deformed under both experimental and natural
conditions contain deformation lamellae, kink bands, slip
lines, twins and fractures. Experimental results give an in-
dication of the conditions under which these different features
develop. Figure 44 shows the relative development of cata-
clasis, deformation lamellae, and twinning, at different tem-
peratures and pressures, for experimentally deformed anorthite.
Other compositions of plagioclase broadly show the same defor-
. mation mechanisms under experimental conditions. The relation-
ship with naturally deformed plagioclase is not as clear, in
particular, the effects and interdependence of strain rate,
work hardening, and temperature.

Slip features and microfractures are not observed in un-
deformed plagioclase, and hence are interpreted as a fairly
straight forward indication of strain. Twinning is more am-
biguous, since twins are observed in both deformed and unde-
formed plagioclases. Unlike other silicates such as quartz,

subgrain development is very poor in plagioclase.

Deformation Lamellae

Deformation lamellae are narrow planar and subplanar
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Deformation mode diagram showing the average percentage of each
mode of deformation at each temperature and confining pressure.
The three columns in each histogram represent, from left to right,
percent cataclasis, percent deformation lamellae, and percent
deformation twinning. The three columns do not add up to 100%

so that it is possible to observe the relative amounts of the
different modes of deformation at a given temperature and confin-
ing pressure and changes in the amount of deformation with

changes in temperature and confining pressure. For scale the
column in the lower left corner histogram equals 63%. Deformation
fields I,II, and III are distinguished on the basis of different
realtive proportions of the three modes of deformation
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features that develop within single grains. They have a
slightly different refractive index to the host grain, (Hobbs,
Means and Williams, 1976), and are attributed to planar arrays
of locked-in slip dislocations creating a stress field. They
are useful in determining active slip systems (Raleigh,‘l968),
and are especially common in quartz deformed at low tempera-~
tures.

Deformation lamellae have been experimentally produced
in triaxial compression tests in plagioclase at temperatures
above 600°C at all confining pressures, (Borg and Heard, 1969,
1970; Seifert and Ver Ploeg, 1977), and in shock deformation
experiments (Robertson et. alf, 1968) . They have a diffuse
planar appearance and often show varying orientations within
a single grain (Seifert and Ver Ploeg, 1977). There is no
strict crystallographic control on their formation, but they
often occur oblique to unique crystallographic planes of low
indices. They are localized within the host grain and have
not been observed to cross grain boundaries. In anorthosite
triaxial compression tests, the percentage of crystals with
deformation lamellae showed a positive correlation with tem-
perature (Seifert and Ver Ploeg, 1977), ranging from 1% to
30% at 600°C, to 15% to 80% at 1000°C. They are restricted to
untwinned sections of the plagioclase grains (Borg and Heard,
1970) .

No deformation lamellae were observed in the Table
Mountain plagioclases. If twinning occurred either during or
shortly after crystallization and persisted throughout the tem-

perature range at which deformation lamellae could form, it may
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have interfered with their development. This, however, does
not explain the lack of deformation lamellae in untwinned

grains. Possibly they have been obscured by undulatory ex-
tinction and alteration, or are out of the resolution—range

of the optical microscope used in this investigation.

Deformation Bands

Deformation bands are planar intragrain regions that
have undergone a different kind of deformation than the host
grain (Hobbs, Means, and Williams, 1976) and are frequently
inclined at high angles to active glide planes (Seifert, 1965). |

They may contain deformation lamellae.

Magnified over 400 x's, albite deformation band boundaries
were shown to consist of a continuous series of small connected
cracks (Seifert, 1965). The consistent position of these bands
at high angles to (010) and the position of (010) and optics
within the bands, suggests that movement has occurred along
(010) planes as they bent during formation of the deformation
bands, possibly along composition planes of albite twins
(Seifert, 1965). |

When the boundary between adjacent parts of the grain is
sharp, a special type of deformation band, a kink band, is formed
(Hobbs, Means, and Williams, 1976) and should be describable
by axes of external and internal rotation (Seifert, 1965).

Kink bands are observed in both experimentally (Borg and Heard,
1969, 1970), (Seifert and Ver Ploeg, 1977) and naturally
(Seifert, 1965) deformed plagioclases of widely varying compo-

sitions, and often accompany slip and twinning.
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Kink bands in the plagioclase grains of the Table Mountain
mafic rocks are only observed where they are bending twins. Some
of the grains show areas of slight deformation band development.
They are accompanied by undulatory extinction. The érains in
which deformation bands are visible are relatively unaltered.

If alteration is aided by deformation (White, 1975; Seifert and
Ver Ploeg, 1977) a higher percentage of the grains may have con-
tained deformation bands which are now obscured by alteration

products.

slip

Intragranular slip or glide usually occurs along crystallo-
graphic planes and in crystallographic directions which have
low Miller indices and dense ion packing. The plane and direc-
tion define a slip system which is temperature dependent. In
complex crystals it is often possible to predict slip on simple
geometric grounds. Thié is especially true for macroscopic slip
which may even occur on non-crystallographic planes (Nicolas
and Poirer, 1976).

In plagioclase, the development of intragranular slip is
hindered by high Peierls force, the Il* superlattice, and twins
(White, 1975). In triaxial compression tests, plagioclase grains
unfavorably oriented for twinning slip along (010) in the EOlO]
direction at 200°C and 5 Kb, and 800° and 10 Kb. The slip was
accompanied by kinking and up to a 7° rotation of the active
slip plane (Borg and Heard, 1969, 1970).

Optical}y, slip results in thin closely-spaced planes.

Only one photomicrograph was given (Borg and Heard, 1969) and
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no distinguishing criteria. From the photomicrograph it would
be difficult to distinguish a slip plane from a thin defor-
mation twin or even cleavage. Therefore its optical distinction
in the Table Mountain plagioclase grains was not made; It is

very likely, however, that such slip did occur.

Twinning

At least seven different types of twins have been dis-
tinguished in plagioclase. Only two of these, albite and
pericline, are commonly produced mechanically. In a detailed
optical investigation of twinning from Broken Hill mafic gneisses
Vernon (1965) found that 46% of the mechanical twins conformed
to the albite law and 42% conformed to the pericline law. Thus
they are mechanically produced in almost equal number, but
pericline twinning makes up less than 10% of igneous twins.

There has been some literature discussion about which
twins form first. Lawrence (1970) found pericline twins bent
by albite twins suggesting an earlier formation for the peri-
cline twins. Vernon (1965), however found no systematic varia-
tion in sequence of twin development. White (1975) found that
pericliné twins only occurred where albite twins were already
plentiful. These variations may be a function of orientation
with respect to the principal stress directions or temperature,
pressure, and strain rate conditions. The importance of orien-
tation was made clear in an experiment by Borg and Heard (1967),
in which a plagioclase containing a large albite twin was de-
formed. One side of the deformed twin contained mechanically

produced albite and pericline twins, the other side was twin
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free. Table II lists the important criteria for the formation
of twins by the albite and pericline laws and the multiple
terminology used for the criteria.

The direction of pericline twinning is (010) with the
glide plane parallel to the Rhomb Section. Albite twinning
direction is irrational and dependent upon composition. It
is the line of intersection oé (010) with a plane defined by
b + b*. The glide plane is parallel to (010). When the grain
is properly oriented both twins will form in the same grain.
This orientation will occur when; 1) both slip planes are in a
position of high resolved shear stress, i.e. K, and Ny for
both twins are about 45° from C.; 2) the sense of movement is
positive, i.e. right and left lateral slip so that the shear
directions don't interlock; and 3) the critical resolved shear
stress for the two processes is similar (Borg and Heard, 1970).

The process by which mechanical twins are produced is not
clear. Dislocation structures at the tip of the twin termina-
tions suggest that they are produced by dislocation mechanisms
similar to those which operate during the rapid deformation
of metals (White, 1975). Twins were produced at 800°C and
pressures of 8 to 10 Kb with strain rate of 10—4/sec. and
2 x lo_s/sec. Seifert (1968) found that by 900° and 1000°C
twinning was occurring at 1 and 2 Kb.

The ease of mechanical twinning at elevated temperatures
may be attributed to the increased structural disordering
which occurs at elevated temperatures, and the greater ease

of bond breaking. Laves (1952), Starkey (1964), Seifert and
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Ver Ploeg (1977), Borg and Heard (1969), describe styles of
experimentally-produced mechanical twinning, which support

the descriptions from naturally-produced mechanical twins
(Vance, 1961; Seifert, 1964; Vernon, 1965). Twins with ir-
regularly defined margins, lenticular twins, twins with ir-
regular twin lamallae, very thin twins, and twins which
increase in abundance around grain boundaries are considered
mechanical. There may be some difficulty distinguishing
between very thin twins and cleavage planes because they are
subparallel. Lenticular twins are the most clearly mechanical
and are observed in experimentally deformed metals (Cahn, 1953,
1954; Pratt, 1953; Hall, 1954), and in calcite (Turner, Griggs,
and Heard, 1954).

All other twins are considered to be growth twins. This,
however, is not strictly true since "growth" type twins have
been experimentally produced (Borg and Heard, 1969). Twins
which form abrupt terminations on angular steps in the compo-
sition plane are the most likely to have been produced by
shear during growth or later annealing (Vernon, 1965). They
terminate along irrational planes and have been experimentally
produced during solid state growth in face centered cubic
metals (Vernon, 1965), and in zone refined lead (Bolling and
Winegrad, 1958). They are produced by stacking fau}ts which
form at grain corners, producing twin interfaces that expand
as the grain grows. A simple twin will form if no later stage
stacking faults are produced. Lamellae twins form when stacking
faults re-establish the original orientation (Burke, 1950).

The stress involved in forming such terminations by strictly
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mechanical means would be unrealistically large.

Both mechanical and growth twins are present in the
Table Mountain mafic rocks. In addition to the distinctions
between growth and mechanical twins already mentioneé, a fur-
ther distinction between these two types may be given_by the
presence of inclusions. 1In the samples examined from Table
Mountain those twins which fit the morphological criteria for
growth twins, pass unchanged through inclusions of other grains
while those twins which appear to be mechanical terminate
against inclusions. This is best seen in Figure 14, where a
rounded inclusion of olivine lies in the center of a thick al-
bite growth twin. Thinner mechanical pericline twins taper
towards the albite twin, terminating at the intersection.
Those twins which intersect the olivine grains prior to the
albite twin, terminate against the olivine.

Both bent and kinked twins are present in Table Mountain
plagioclase grains. Bending as shown in Figure 45 is a gentle
flexture of the twins. 1In this example it is interesting that
mechanical twins are developed on what would be considered the
compressive side. This is a further indication of their mechani-
cal origin.

The kinked example is more difficult to see, Figure 46
shows an example of polysynthetic twins which, taper and bend.
A similar featqre in a polysynthetic twin pictured in Borg and
Heard (1970), is attributed to a 7° kink band where the twins
end.

In addition to their interesting morphology, plagioclase

twins should theoretically be able to yield important information



Fig. 45
Bending in plagioclase twin.

Fig. 46
Tapered and bent plagioclase twin, possibly due to kinking.

89
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about conditions of deformation, such as temperature and
possibly stress directions.

Twinning in calcite has been used to determine principle
compressive stress directions (Turner and Weiss, 1963). Plagio-
clase twins are also theoretically suitable for determining
principal directions of compressive stress. Lawrence (1970)
using naturally deformed plagioclase with an average composi-
tion of An, g from a hypidiomorphic granular gneiss, made stress
determinations using albite twins. An unusual feature of these
twins was the bending of pericline in the presence of straight
albite twins, which suggest to him a later formation for the
albite twins.

To determine the direction of principal compressive stress,
the poles to (010) and (00l) were obtained using the Universal-
Stage from the composition planes or cieavages from twinned
grains. Optical and crystallographic directions are close at
Anzo, so optical directions were substituted when crystallo-
graphic directions couldn't be determined. This enabled each
twinned grain to be measured. Fifty measurements were taken
from each oriented thin section. Points were plotted at 45°
to the pole to (010) and in the plane containing both the pole
to (010) and to (001). If the cleavage angie with the untwinned
portion of the grain could be accurately determined, the points
were identified as C (compression) and T (tension).

C is plotted as the obtuse angle (93°) between the pole
to (010) and pole to (00l1). T is plotted as the acute angle
(8305. C and T are difficult to distinguish in most grains

especially when lamellae are very thin, so most grains retain
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a 90° ambiguity and are labeled 0.

The samples were taken from near a fault. As the fault
is approached, the plagioclases elongate parallel to their
a-axes. Because of the fabric few or no grains are oriented
in positions that would give C, T, or O points near the linea-
tion and hence only a partial stress field is revealed.

An important comparison with stress and percentage of
twinning in calcite, is that, in calcite twins, the center of
concentration of C points is also the point of highest twinning.
This center area is considered maximum stress for the entire
plot. Lawrence (1970) also estimates percentage twinning and
found that this does not occur with plagioclase twins, there-
by emphasizing the inhomogenity of deformation on the scale
of individual grains.

Borg and Heard (1970) take advantage of the combined
albite and pericline twins to apply the Turner and Weiss (1965)
stress determinations from twins. Unfortunately, they do not
have a large enough sample to determine the accuracy of their
method. Because of the difficulty of measuring the Rhomb Sec-
tion, Borg and Heard (1970) recommend measuring the (010) and
(001) planes which, for the purposes of investigation, are close.
Although the angle between the Rhomb Section and (00l) varies
widely in Low T plagioclases: from +35° for An,, to -17°© and
-20° for AnlOO’ variation in high T forms is always between
4 - 69. For Table Mountain compositions the variation is ap-
proximately 4 - 10°. The (010)A (001) ranges from 90° 3%' Ang

to 830 54! Anyg59- The situation might be visualized as in Fig. 47
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C' is considered the bisector of the acute angle between (001)
and (010). The angles used, however, are small and therefore
inaccuracies due to Universal-Stage wobble may be significant.
Further inaccuracies may be introduced because twinning is af-
fected by local stress inhomogenities, such as impurities and
adjacent minerals. A further important question that has not
been addressed experimentally, is the behavior of a twin formed
under gradually cooling conditions in a changing stress regime.
Which temperature and stress will the twins represent?

In oéhiolite rocks, an effective measure of the major com-
pressive axis would be significant in understanding accretion
processes. These rocks contain a layering, but are predicted
to change lithologies parallel to the compositional strike
(Greenbaum, 1972; Dewey and Kidd, 1977). If this is true
and, if twinning occurred after deposition as the wedge moved
out of the magma chamber and away from the axial singularity,
then the major compressive axis would be at some oblique angle
to the layering. The obligqueness of the angle should depend
upon the amount of rotation undergone by that part of the
magma chamber floor. An especially nice aspect of this, is that
material at the base of the magma chamber would probably be
still warm enough to undergo mechanical twinning. Samples from
Table Mountain contain a large number of polysynthetic albite
and pericline twins.

For this investigation layered gabbroic rocks were ex-
amined with the Universal Stage. Sections were cut perpen-
dicular to the foliation. The (010) and (00l1) composition

planes were measured for every section which contained both
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twins when the twins fit the "mechanical twins" criteria pre-
viously discussed. Poles to the planes were plotted on a
Schmidt net. C' was taken as the acute bisector. When the
angle was 90° no C' measurement was made. The numbef of
grains in the six samples measured varied from 4 to 36.

The distribution was contoured using the Braun (1969)
method. The orientation of the layering in thin section was
plotted. The results are given in Table III. The angle the
area of highest concentration made with the layering was measured.
The obliquity varied from 5 to 42°, The only troctolite sample
measured has the highest angle, while the olivine gabbro has
the lowest. This sample, however, was the dike rook noted for
its extreme freshness.

The orientation of the layering was then plotted on a
stereonet. The samples were unoriented, so to relate the
highest percentage of compression concentration determined
from the twinning, great circles were drawn at that angular
distance from the layering, The lineation was plotted. No
consistent relationship between the three factors could be
ascertained. In light of the lack of a relationship between
the factors, and the absence of an independent test to verify
the validity of this method in determining maximum compression
direction, it is impossible to use it as a test of a differen-

tially subsiding accretionary wedge.

Subgrains
Subgrains are low angle lattice misorientation grains.

They are common in deformed quartz but rarely occur in plagio-
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clase. White (1975) attributes this to the presence of the
Il* superlattice and possibly to twins, both of which hinder
the movement of dislocations and hence the planar alignment
of dislocations to form subgrains of these two factoés. The
I1 superlattice structure seems to be the most influential.
Dislocations in superlattices increase the disorder in the
form of anti-phase boundaries and hence the internal energy
of the grain. To minimize the energy, another dislocation of
the same sign is formed opposite the anti-phase boundary thus
producing a super dislocation, which severely inhibits cross
slip and climb and thereby recovery. Superlattices. however
have a critical disordering temperature. The thermal in-
fluence is supported by the formation of subgrains in upper
amphibolite grade metamorphic andesines and labradorites
(White, 1974). Albite, however, does not form a superlattice
and therefore should form subgrains more easily. This is
discussed in relation to dislocation distributions by Lorimer
et. al. 1972, |
Some subgrain formation was observed in Table Mountain
plagioclases in the fresh olivine gabbro sample. They form in
untwinned‘grains. This suggests that at elevated temperatures

in grains unsuitably oriented for twinning subgrains may form.

Recrystallization

Three major processes have been proposed in materials
science for the nucleation of primary recrystallization.
All of these methods appear applicable to some examples of

plagioclase recrystallization. The processes are: 1) Nu-
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cleation and growth of discrete grains (Burke and Turnbull,
1952; White, 1975), 2) Formation and growth of subgrains with
progressive misorientation produced either by coalescence of
subgrain boundaries or by subgrain rotation (Li, l96é; Hu, 1963;
Vernon, 1975; Marshall and Wilson, 1976) and 3) Bulging of pre-
existing high angle boundaries between two points that are
pinned by other defects (Bailey and Hirsch, 1962; Vernon, 1976).

Recrystallization of plagioclase under experimental con-
ditions has only been documented once and then in a peristerite
(Marshall et. al., 1976). In this experiment conducted in a
Griggs apparatus at 850°C at 10 Kb. with a strain rate of
10-5/s, recrystallization occurred by the nucleation and growth
of discrete grains scattered through a strongly deformed ma-
trix. ﬁo chemical change was mentioned.

In naturally deformed and recrystallized oligoclase
White (1975) found a change of An,q_31 to An,q_ 59 in a micro-
probe analysis from primary to recrystallized grains. This was
in keeping with the lower metamorphic grade at which recrystal-
lization occurred. Vernon (1975) also found a slight decrease
in calcium content in recrystallized plagioclase grains, which
appeared to form from subgrains. This may indicate that at
least a small compositional change is necessary for recry-
stallization to occur (Vernon, 1976).

In a large andesine (An40) single crystal from a granu-
lite facies terrain in Central Australia, partial recrystal-
lization has preferentially occurred along narrow zones and

in local patches of relatively high strain. Bulges, which
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may have formed from the local migration of deformation

band boundaries, appear to have acted as nuclei for new
Qrains. Other deformation bands, however, pass into diffuse
patches 6f apparent subgrains that could also eventuélly give
rise to new grains (Vernon, 1976).

Where recrystallization has been documented, the crystal-
lographic orientation of the new grains is close to that of
the original grain. This suggests that, as with quartz and
olivine, a host-new grain relationship controls the intra-

. granular recrystallization of plagioclase (Vernon, 1976).

As mentioned earlier, many of the Table Mountain plagio-
clase grains have the low-energy triple point boundaries indi-
cative of either adcumulate gfowth or recrystallization. 1In
most non-cataclastic samples, definitive evidence for recrystal-
lization is small. In areas where two distinct grain sizes
exist, the smaller grains often have a mosaic texture. This
is the situation shown in Fig. 48. Twinning is present in
both sizes although in the larger grain they show more of the
mechanical twinning morphology. Possibly two periods of de-
formation are represented; an earlier and probably higher tem-
perature period in which recrystallization or some degree of
grain boundary adjustment occurred, and a later period of
either lower temperature or higher strain rate deformation
during which twins formed. The two periods do not necessarily
represent a major hiatus in time. Alternatively the twinning
and recrystallization may have occurred simultaneously. The
growth like twins in the smaller grains may have been induced

by the same stress regime which caused the recrystallization
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and mechanical appearing twins in the larger grain.

Cataclasis

Cataclasis, consisting of inter and intragranular fractures,
crushing and undulatory extinction, is the dominant form of
deformation at all temperatures and confining pressures in an
experimentally deformed anorthosite (Seifert and Ver Ploeg,

1977). The extent of cataclasis shows a weak negative cor-

relation with temperature and a strong negative correlation
with confining pressure. The percentage of cataclasis ranged
from 40 - 75% at 5 Kb. to 25 - 50% Kb.

Below 600°C, there are no active slip or twin glide
systems, so cataclasis is the only form of deformation (Borg)
and Heard, 1969, 1970). Fractures often accompany the more
ductile forms of deformation, forming adjacent to twins, along
the margins of deformation bands, and at grain boundary inter-
sections.

Most Table Mountain samples show some evidence of grain-
scale cataclasis, in the form of small intragrain microfractures,
and some larger fractures that extend beyond grain boundaries.
Alteration minerals commonly occur along the microfractures
which probably served as conduits for alteration material.

The orientation of cracks both inter and intragranular appears
to be random and bares no relationship to the presence or
absence of more ductile deformation features. Figure 49 shows
microfractures forming in a single large plagioclase grain
surrounded by cataclastic material.

Long fractures, termed transverse fractures, are present



Fig. 48
Recrystallization in plagioclase grains showing mosaic texture in smaller
grains.

Fig. 49
Microfractures forming in a single large plagioclase grain surrounded by
cataclastic material.
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in some samples and cut the plagioclase grains, usually unaf-
fected by grain boundary interference. These are often filled
with minerals such as prehnite and are sometimes accompanied

by more extensive brittle deformation such as grain fragments,

and offsets of earlier, smaller fractures.

Diopside

A majority of the attention given to experimental and
natural pyroxene deformation studies have been focused on
orthopyroxene, particularly in relation to mantle peridotites
and the enstatite -~ clino-enstatite inversion. Some of the
deformation processes are also applicable to clinopyroxene.

Clinopyroxenes have monoclinic symmetry. Griggs et. al.
(1960) were the first to experimentally deform diopside. At
5 Kb. and 500°C in a triaxial compression test; diopside de-
formed by twinning on (100) [10Q] and on {001) EEOQ] . Further
investigations by Raleigh (1965) and Raleigh and Talbot (1967)
showed that at higher temperatures and lower strain rates
slip on (100) EbOi] and twinning on (100)[10@] prevailed over
(001) [10@] twinning. Slip becomes important above 1000°C for
strain rates of 5 x 10”2 s”1 and only one slip system has been
reported. Twins formed on (001) [10@7 are wider, more widely
spaced, and more discontinuous than (100) [boi] twins. Both
sets of twins formed where the resolved shear stress on the
twin glide system is high. 1In a large number of grains the
compression axes most favorably oriented for twin gliding are

sub-parallel to the direction of maximum compression in experi-

ments. Compression axes determined for naturally deformed
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diopside from a faulted region in the Eastern Mount Lofty
Ranges, South Australia agree with the compression directions
deduced from faulting.

At more elevated temperatures and lower strain éates
e.g. 1050°C and 1073/s. or 7509 and 107%/s., (100) [001]
twin gliding gives way to translation gliding or slip on
many systems (Ave'Lallemant per. comm. in Carter, 1976).

Kirby and Kronenberg (1978) in triaxial compression experiments
found a similar sequence of deformation mechanisms in clino-
pyroxenite with increasing temperature and decreasing strain
rate, temperatures ranged from 400° -~ 1000°C and strain rates
from 10'3/5. to 10”7/8. at a confining pressure of 15 Kb.
Temperature and strain rate fields over which the mechanisms
operate overlap but the general trend was: 1) cataclasis,

'2) (100) and (001) mechanical twinning 3) (hk0)<{00L> slip

and associated kinking and undulatory extinction and 4) mul-
tiple slip and associated relatively homogeneous strain and
subgrain formation. Under conditions 1 and 2, the flow stress
(,1-(3) shows little sensitivity to temperature and strain
rate. Flow stress under conditions which promote slip, however,
show considerably more sensitivity to temperature and strain
rate.

One means of recovery in clinopyroxenes is by polygo-
nization with polygon walls having the appearance of straight
sharp kink band boundaries separating optically homogeneous
domains. Polygonization in clinopyroxenes requires higher
temperatures and/or lower stfain rates than needed for ortho-

pyroxene or olivine.
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Experimental recrystallization of pyroxene has been dif-
ficult. Carter et. al. (1972) recrystallized compacted powders
of diopside at 15 Kb. and 1000°C at a strain rate of 7.8 x
107 7/s. A strong [bld] preferred orientation develoéed parallel
tos; . The remaining crystal and indicatrix axes form a girdle
in theg; —g plane. Few clinopyroxene fabrics have been deter-
mined in peridotite tectonites and no steady state mechanical
data are available for clinopyréxenite.

Table Mountain clinopyroxenes occur in two distinct size
groups, as large grains up to 50 mm. across and smaller equant
grains about equal in size with the plagioclase. Deformation
has been accomplished primarily through slip and fracturing.

No mechanical twinning was observed. The individual deforma-
tion features are most easily observed in the larger grains.
This may be because, unhindered by grain boundaries, they are
able to store larger quantities of strain and therefore the
deformation features are more extensively developed.

Movement has occurred parallel to the axis of cleavage
traces or partings. Universal-Stage determinations were not
done. Optic axes figures and extinction angles indicate that
the slip plane is probably (100), which fits with experimental
results. Kinking at high anglés to the cleavage (Fig. 50)
and fracturing perpendicular to the cleavage (Fig. 51) are
frequently observed, especially in the larger grains.

In cases of more extensive deformation, fracturing dis-
rupts the grain and long thin pyroxene pieces are rotated

to an oblique angle to the cleavage (Fig. 52). The shortness
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Fig. 50
Kinking in diopside at high angles to the cleavage.

Fig. 51
Fracturing in diopside perpendicular to the cleavage.
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of the perpendicular to cleavage fractures suggests the release
of smaller strain accumulations and/or the difficulty of pro-
pagating a crack perpendicular to cleavage. Such difficulty
might arise where slip and fracturing are occurring éimultah
neously. A fracture propagating through the grain would abut

a surface where active glide was occurring and its strain
energy would be dissipated.

Defofmation bands are also present. These are irregular
bands that appear to be compositionally the same as the host
grains but extinguish at a different position, and are there-
fore best observed under crossed polarizer with part-of the
grain at extinction. They vary in width from approximately
.1 mm. to .01 mm. and widen when they encounter an inclusion
or another deformation band. They frequently thin and pinch
out adjacent to the grain boundary.

Fractures having a random orientation with respect to
cleavage occur in many of the grains. They become especially
prevalent as cataclasic areas are approached. One grain
contains an especially interesting fracture (Fig. 53). It
extends from the grain boundary, well past the center of the
grain where it branches at a high angle. The fracture edges
(Fig. 54) are irregular and contain both lobediand straight
segments. Plagioclase fills the fracture and actinolite ne-
edles radiate from the pyroxene boundary into the plagioclase.
The fractured grain is surrounded by smaller plagioclase
and clinopyroxene grains. This fracture is further evidence
for at least some melting or magmatic activity postdatingvthe

onset of brittle deformation.
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Fig. 52
Rotation of pyroxene fragments.

Fig. 53
Plagioclase and actinolite filling large fracture in diopside grain.
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Fig. 54
Plagioclase and actinolite filling large fracture in diopside grain.

Fig. 55
Incipient recrystallization in diopside grain.



107

As mentioned in the petrography section, many of the
clinopyroxene grains appear to have undergone recrystallization
as shown by the polygonal grain boundary junctions in large
rounded clumps of clinopyroxene (Fig. 6). 1In some gfains
which appear to have undergone recrystallization, the new
grain boundary forms between the highest concentration of
opaque inclusions. The presence of such inclusions must
favorably affect recrystallization, possibly by increasing the
disorder and hence strain energy in the host grain. The in-
cipient recrystallization as shown in Figure 55 suggests that
grain nucleation and growth has not played a significant role.
Therefore recrystallization probably occurred through sub-
grains or the bulging of pre-existing high angle boundaries.
No data is currently available to see what chemical change

accompanied recrystallization.

Summary

The majority of the Table Mountain mafic samples have
been deformed at elevated temperatures and/or low strain
rates. This is seen from the microstructures in the abun-
dance of mechanical twinning in the plagioclase and slip,
kinking and recrystallization in the pyroxenes. Stress
determinations from albite and pericline twins in the pla-
gioclase indicate that the compressive axes to the stress
were at moderately oblique angles to the layering.

Strain post-dating the piastic deformation was accomodated
by intragrain microfracturing and the minor development of

transverse fractures that bisect grain boundaries. Some of the
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transverse fracturing was accompanied by hornblende injection.
Most of the transverse fractures however, are filled with preh-
nite, smectite, and sericite, low grade metamorphic minerals.
All of these secondary minerals and deformation features are
found in ocean dredge samples and could therefore have formed
in the oceanic as well as the land part of the ophiolite

history.
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CHAPTER VII

CATACLASTIC ROCKS

Introduction .

Developmental processes and even terminology of cata-
clastic rocks are neither well understood nor well formu-

lated. Two major morphological divisions of cataclastic ﬂ

rocks exist determined by the presence or absence of a cata-
clastic foliation, termed fluxion structure. Higgins (1971)
has clarified and extended the classification to include co-

hesion, recrystallization and grain size (Table IV)

In all cases cataclasis involved high strain and grain
size reduction. The development of each specific type of
cataclasic rock depends on the temperature, pressure, strain
rate and the mechanical properties of the mineral undergoing
cataclasis. Microscopic deformation mechanisms include micro-
fracturing, frictional sliding, dislocation glide and climb,

volume and grain boundary diffusion and grain boundary slid-

ing (J. Tullis, 1978). Of the two major groups, those with

fluxion structure, the mylonites, have received the most

attention within experimental and descriptive literature.
Cataclastic rocks with and without fluxion struction

are present in Table Mountain. Those lacking fluxion struc-

ture are found in small high-strain zones; those with fluxion

structure are well-developed mylonites and ultramylonites

associated with the Trout River Pond Fault.
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Non-Foliated Cataclastic Rocks

High~strain zones do not appear to be as abundant or as
well developed on Table Mountain as they are on the other
Bay of Island massifs. They are mosf prevalent in tﬁe horn-
blende gabbros on the NE side of the field area. In out-
crop and in thin section, the high-strain zones accompany areas
of extensive microfracturing at many angles to the layering
plane, and form irregular and interfingering boundaries with
the less deformed areas (Fig. 56).

Offsets and bending of the lineation and layering occur
adjacent to the microfractures. Where the fractures are
numerous and intersect, the deformation of the intrafracture
material increases. The fractures themselves vary in mor-
phology from very thin (2 mm.) linear features to 50 cm. wide
zones of braided deformation. The braiding is best seen on
polished surfaces. The braiding usually pinches out before
intersecting the narrow linear fractures.

Although fractures are found to occur throughout wide
areas and are especially predominant in the hornblende gabbro,
the individual fractures have very limited extent and rarely
extend beyond 10 cm. Grain size does not appear to influence
the development of microfractures.

The thin section deformation observed was discussed
under microstructure. The only addition to that discussion
would be, that in areas where a linear zone of cataclasis has
developed, tension gashes have been observed to form perpen-

dicular to the linear trend of the cataclasis (Fig. 57).
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Fig. 56
Irregular and interfingering boundaries of cataclastic material in host
rock.

Fig. 57
Tension gashes forming perpendicular to a high strain zone.
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Foliated Cataclastic Rocks

Mylonites are thought to form in at least three dif-
ferent ways: 1) at low temperature and high strain rates
where the rocks are brittle and deform principally b§ micro-
fracturing, which can be analogous to ductile deformation
or translation gliding; 2) at higher ﬁemperatures where
the rocks afe more ductile and the deformation mechanism is
principally by dislocation glide aided by recovery and re-
crystallization,and boudinage and necking are common; and
3) at even higher temperatures and low-stress conditions
where the most easily recrystallized mineral recrystallizes
into small grains and deformation proceeds superplastically
by grain boundary sliding (Higgins, 1971; Bell and Ethridge,
1973; Boullier and Gueguen, 1974; Allison and La Tour, 1977;
J. Tullis, 1978).

Mylonites outcrop along a steep cliff paralleling Trout
River Pond. They have a north-northwest trending gently north-
east dipping foliation. The mylonite'is.in contact along its
upper surface with gabbro which appears relatively undeformed.
The transition is sharp. The lower bounding surface has been
eroded away (Fig. 58). Bell and Ethridge (1973) have noted
gneissic rocks which appeared undeformed in hand specimen
have significant mylonitic deformation in thin section. Un-
fortunately none of the nearby rocks are available for thin
section study in this investigation.

In outcrop the mylonites have a‘grey—green color and a

strong although not strictly parallel foliation. Grain size
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Fig. 58
Mylonite in contact with gabbro.

Fig. 59
Large euhedral plagioclase grain in mylonite.
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variations are apparent, but they are mostly too fine to mea-
sure. The most obvious distinction is between layers with
and without grain clasts larger than the host matrix. Grain
clasts usually have an augen or flattened shape.

In hand specimen, the mylonites are cut by small frac-
tures. Fractures perpendicular or subperpendicular to the
foliation occur within the clast layers. They die out with-
in the clastless layers. Low and moderate angle fractures
occur in the clastless layers. In several instances larger
fractures at about 45° to the foliation will parent smaller
conjugate fractures. Offsets are minor.

Microscopic observations show brittle and ductile defor-
mation features. The plagioclase appears to be almost com-
pletely recrystallized and consists of small, equant, anhedral
grains. The grains are capable of flow between the less duc-!
tile pyroxene layers. It is not clear whether it behaved
plastically or pseudoplastically. One relict plagioclase
clast was observed (Fig. 49). This grain shows intense un-
dulatory extinction, is cut by microfractures, and is sur-
rounded by cataclastic and recrystallized small plagioclase
grains.

In the thin sections studied, only one plagioclase grain
has grown considerably larger than the adjacent grains. This
one grain has an euhedral shape oriented at about 35° to the
foliation and about 110° to an area of more intense deforma-
tion (Fig. 59).

The pyroxené grains have deformed in a wide variety of
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ways which include boudinage, fracture, kinking, bending,
sheaving, folding, slip, and recrystallization. Many of
these processeé appear to be simultaneous. They show some
dependence upon the orientation of the cleavage to the
foliation plane, the proximity of plagioclase, and grain size.

In Figures 60 and 61, the cleavage in a large pyroxene
grain is oriented perpendicular to the mylonite foliation.
The cleavage at the end of the grain is bending into paral=z
lelism with the foliation. This is being accomplished by
kinking between "subgrain" areas (more clearly evident under
crossed polarizers), and extension parallel to the cleavage
as it approaches parallel with the mylonite foliation. 1In
Fig. 62, the pyroxene grains appear to have sheared parallel
to the foliation which is also parallel to the cleavage
trace. Fig. 63 shows the sheared Fig. 62 pyroxene recon-
structed to its pre-shearing state. In Figures 64 and 65,
another pyroxene grain is separated by what appears to have
been kinking with-'a loss of the kinked fragments. Some
minor extension may also have occurred parallel to the cleavage
trace.

Small pyroxene grains or fragments undergoing mylonite
deformation appear to be influenced by the more ductile
behavior of plagioclase, and form boudins. In Figure 66, a
small pyroxene fragment is separated‘from a larger pyroxene
grain by a thin layer of plagioclase. Shown enlarged in Fig.
67, the fragment has been boudinaged by what appears to be

tight kinking and extension parallel to the edge of the large
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Fig. 60
Deformation of large pyroxene grain (crossed-polarizers).

Fig. 61
Deformation of large pyroxene grain (uncrossed-polarizers).
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Fig. 62
Pyroxene sheared parallel to cleavage trace and mylonite foliation.

Fig. 63
Reconstruction of Fig. 62 pyroxene.
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Fig. 64
Pyroxene with sheared appearance probably due to kinking and loss of
kinked fragments (crossed-polarizers).

Fig. 65
Above Figure with uncrossed polarizers.
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Fig. 66
Boudinaged pyroxene fragment separated from larger pyroxene by a thin
layer of plagioclase.

Fig. 67
Detail of boudin from Figure 66.
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adjacent pyroxene grain. Figures 68 and 69 show boudins
which are more formed by either\much tighter kinks or frac-
tures and are élearly fragments of the larger pyroxene.
Folding of the mylonite foliation occurs where both
the pyroxene and plagioclase grains are small and grain size
variation is minimal. The folding, as shown in Figure 70
is best developed at the plagioclase/pyroxene interface.
Large and small fractures, both inter and intra grain
occur throughout the mylonites. 1In individual pyroxene
grains fractures often develop between 30° and 45° to the
foliation, especially if the cleavage is appr;ximately 459
to the foliation. These fractures probably developed during
mylonitization. 1Intergrain fractures of varying widths have
developed. Some of the thinner fractures do not propagate
through the plagioélase areas. Other fractures with more
diffuse béundaries, and accompanied by alteration, are pri-
marily in the plagioclase (Fig. 71). The larger cross-
cutting fractures are not bent or deformed and probably formed
after the mylonitization was completed. .
From the observations available it is not clear if the
fineness of the mylonite grain size is a function of the
initial grain size or degree of deformation. Rough estimates
using a method of strain anaiysis discussed in the next sec-

tion suggest that the finer grain size does reflect more in-

tense deformation.

Strain Analysis

From these samples it appears that mylonitization has
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Fig. 68
Two generations of boudins in pyroxene.

Fig. 69
Detail of boudin from Figure 68.
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Fig. 70
Folding of mylonite foliation.



Fig. 71
Fractures oblique to mylonite foliation.

$

Fig. 72 (from Boullier and Gueguen, 1975)

Strain analysis using formula: strain = (L' - L)/L.

124



125

occurred through both brittle and ductile deformation pro-
cesses. The deformation processes are dependent upon grain
composition, size, and orientation, as well as temperature,
pressure, and strain rate. Boullier and Gueguen (1975) take
a grain (L) and the length to which the grain has extended
through deformation (L.'). The initial length is somewhat
arbitrary and is taken as the area where the grain does not
appear recrystallized. Longitudinal strain is then deter-
mined by the formula -- Strain = (L' - L)/L (Fig. 72). Using
orthopyroxene for a marker grain in mylonitic peridotite
nodules from kimberlites, they found the average strain to be
840%.

The reliability of this method depends upon how the
strain is averaged and over what scale, and the principal
deformation process. This method is most reliable where
deformation is by superplastic flow. Where deformation has
involved boudinage or fracturing, only a minimum strain will
be measured because the strain may be accommodated by the
fracturing and by the movement of the marker fragments to a
point where the initial relationship is obscured.

The Table Mountain mylonites have undergone extensive
fracturing and boudinage. It is difficult to determine
where one grain begins and another ends. Some pyroxenes
have been recrystallized or do no£ have a measurable tail.

In most pyroxenes the tail was considerably and consistently
better developed on one side oﬁ?the deformed grain. Only six

suitable grains were found. These were grains which had a
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large central clast and tails of approximately equal length.
The initial length was taken as the large rounded clast area.
Three of theseAgrains were from an area which still contained
large clinopyroxenes. Strain measurements were 230%, 270% and
300%. Two grains were from an area of finely foliated pyroxene
and plagioclase. Both strain measurements from this area were
940%. In an area showing intermediate grain size, strain was
measured in a single grain and found to be 660%. Thus, the
marker grain method (Boullier and Gueguen, 1975) agrees at
least in a rough way with the microscopic observations, and
the degree of deformation, expressed as the extension of a

pyroxene grain, increases with increasing strain.

Center Point Method

The center point method for strain analysis was deve-
loped by Ramsay (1967, p. 195). It is ideally suited for
homogeneous strain in rocks that have suffered pressure so-
lution, but is generally applicable to rocks in which there
are two distinct grain sized and the grains had an initially
equal or known unegqual distribution.

The distance (d) between centers of adjacent large
grains, i.e. non-matrix are measured. These measurements
are plotted against the orientation of the line measured from
some known azimuth in the section. These points would be
scattered over a linear distance M in undeformed equally dis-
- tributed material (Figures 73'aqd 74) . In deformed material,
however, the points plot along ; bell curve (Figures 75 and 76).

The high and low points mark the areas of maximum and minimum
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Fig. 73 (from Ramsay, 1967) Fig. 74 (from Ramsay, 1967)
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Fig. 75
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extension which are taken as MX and MY. The MX/MY ration is
equal to the ratio of principal strains. If the original dis-
tance M is known or the original size and distribution of the
grains, then it is possible to calculate the two principal
quadratic extensions. Like the marker grain method, the cen-
point method only gives a minimum strain estimate.

Assuming an initially random igneous fabric with rbughly
equal distances between minerals, Helmstaedt and Allen (1977)
used this method to estimate strain in a "metagabbro norite"
(HLR-4) from DSDP hole 334. The ratio of maximum to minimum
length was 4.1:1.

Application problems, similar to those of the marker
grain method were encountered, in using the center point
method to determine strain in the Table Mountian mylonites.
It was not possible to determine the extent of a grain in
the coarser pyroxene area s0O no measurements were taken.

In a finely foliated area with small grains, similar to the
940% strain area, 21 measurements were made and ploted. The
distribution of points was random, so no ratio of maximum

to minimum elongation was made (Fig. 77).

The random distribution may be a function of multiple
splitting of grains, a large shearing component during defor-
mation, or inhomogenous strain, all of which are likely. Be-
cause no ratio was obtained with the center point method, a

comparison could not be made between the two methods.

kN
i,

Summary

Some of the areas of the Table Mountain mafic suite have
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been subjected to intense deformation. The deformation is
expressed as linear high strain zones and as mylonites.
Extrapolating from the strain percentages measured in the
mylonites for the different degrees of pyroxene cataclasis,
the high strain zones have experienced much smaller strains.
The two major compositional minerals, plagioclase and pyroxene,
were more equally deformed when the strain is lower. When the
strains are higher, plagioclase appears to accommodate more

of the strain through granulation which allows it to behave

in a ductile and even superplastic fashion. This difference,
however, may be a function of the other parameters involved

in producing deformation such as strain rate, temperature,

pressure and the influence of water.
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CHAPTER VIIT

SUMMARY AND CONCLUSIONS

Drawing from the previously described field relationships,
geometric interpretations, and petrographic investigations, the
following sequence of events can be distinguished from Table
Mountain:

A. igneous layering, sedimentary, structures, and mineral

lineation (?),

B. dikes and veins,

B. large scale folding of cumulate banding,

B. hornblende gabbro,

c. faulting and other high strains.

The first four events (A and B), probably occurred prior to
complete solidification.

The igneous layering and sedimentary structures show mineral
deposition under conditions which promoted adcumulate growth,
were capable of transporting the mineral grains, and were subjected
to at least minor tectonic activity during the initial stages of
formation. Such conditions can be explained by deposition on a
flat floored magma chamber in which convection is also occurring.
The direction of flow within the convection cell may have influ-
enced the orientation of plagioclase grainé with respect to the
cumulate banding and therefore the subsequent folding. The tec-
tonic activity could@ have resulted from minér adjustments to

subsidence as well as in response to large scale faulting.
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Beginning shortly after the initial deposition, the ig-
neous material was intruded by dikes and veins of plagioclase,
olivine, pyroxene, and a fine grained, phenocryst baring mafic
material. These dikes parallel, cut, and are folded with the
sedimentary layering. Only the fine grained mafic material
shows chilled margins. The mafic dikes are intruded close to
tectonically disturbed areas and are apparently later than the
other dikes.

The relationship and timing of the hornblende gabbro in
the formation sequence is unclear, in part because the relation-
ship has been obscurred by the close proximity to inﬁense defor-
mation. The layering in the hornblende gabbro and the hornblende
lineation, approximately parallel many of the contacts with the
host gabbro, but there is no strictly consistent relationship
between them.

Macroscopic folding has been determined from the geometeric
analysis of the six subareas. The lineation consistently para-
1lels the fold axis. Three different orientations have been
determined for these fold axes:

A. For subareas I and II, an east-west horizontal axis.

B. For subareas IV and V, a northeast trending, moderate-

1y plunging axis.

C. For subarea VI, a vertical axis.

The parallelism of the lineation and fold axis suggest that
the lineation is either tectoniqally introduced during the

deformation that produced the folding, or that it is a primary,
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sedimentary style features, that was perpendicular to the com-
pressive stress direction producing the folds. Figure 78 (after
Dewey and Kidd, 1977), depicts this situation. A sedimentary
mineral lineation is produced at the base of the magma chamber.
Assuming a differentially subsiding wedge, folding would occur

as thebangle between the wedge and the base of the magmé chamber
increased. Folding would be especially prevalent along the tran-
sition zone were different mineral densities and aécumulation
rates, and the steepenss of the cumulate banding would increase
the instability and enhance folding. The different fold orienta-
tions can be produced by rotation and/or faulting of the crustal
blocks outside of the magma chamber. Faults have been observed
on many scales in submersible studies of the ocean floor. Alter-
natively, the blocks may have been faulted and/or rotated into
their present orientation with each other during obducation.

The last event recorded, produced the cataclastic rocks de-
scribed in the previous chapter. The cataclasis is particularly
well developed near the hornblende gabbros, suggesting that the
presence of water may have aided in the deformation. The cata-
clastic zones formed at widely varying angles to the layering,
dikes, and veins. No lineation is developed. It is not clear if
the cataclasis oécurred in response to obduction or non-obduction
ocean crust processes. ExperimentalAevidence for at least some
' of the deformation structures favors a high temperature environment.
Extrapolating from laboratory to natural strain rates however, is
subject to considerable qualification. Therefore, it is possible

for the deformation to have occurred during obduction.
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The study of ophiolites is an integral part in understanding
the formation and development of ocean crust. Table Mountain,
on a macroscopic scale, is a relatively simple ophiolite complex,
one that would seem to easily fit the seismic stratigraphy that
defines lower oceanic crustal structure. Yet, on a smaller scale
it shows complicated structural and petrological variations.
These observed variations, coupled with samples and observations
from the ocean floor, have begun to shed some light on processes
through which ocean floor is created, and may eventually lead to
an understanding of the mechanisms behind the lateral movements

of the sea floor.
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