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ABSTRACT

The Bay of Islands Complex (BOIC) represents a lower Ordovician ophiolite

located in western Newfoundland. In the northern part of the BOIC, a 6 km thick
mantle section is exposed in the Table Mountain (TM) massif. The structural, micro-
siructural (including olivine lattice data), and geochemical variation within the mantle
section were investigated in order to delineate the tectonic and magmatic history of the

peridotites.

The field structures indicate the presence of six structural units which are defined
by distinct trends of the high temperature mineral stretching lineation of harzburgites,
lherzolites, and dunites. On the basis of microstructural evidence, the formation of four
of these units is assigned to spreading-rela:ed events, the remaining two to detachment
tectonics. A high level and a low level zone preserving microstructural evidence for
melt infiltration are present. The high level peridotites also show mineral chemical evi-

dence for melt infiltration.

Peridotite microstructures are classified into se-eral 'type microstructures’ inter-
preted to reflect differences in stress, accumulated strair, temperatures of deformation,
and presence or absence of melt during deformation. The microstructural behaviour of
orthopyroxene and spinel is investigated in more detail. The range of deformation
mechanisms inferred from the morphology of orthopyroxene correlates largely with the
temperature of deformation. In areas of lower accumulated strain, spinel grains,
together with spatially associated phases, appear to preserve morphologies discriminat-
ing between different magmatic processes, i.e. spinel formed during partial melting,

irapping of melt, and transient melt movement.




The process of melt infiltration into peridotite is further investigated and two end-
member processes can conceptionally be distinguished: (i) simple trapping of primitive
melt; (ii) extensive flushing of melt through peridotite associated with fractionation of
melt and reaction with the host. Mineralogical and geochemical trends associated with

both processes are discussed and compared to the TM peridotites.

Relative age relationships between the spreading-related structural units support
the plate thickening model for formation of oceanic lithosphere. By applying thermal
models for formation of oceanic lithosphere to the TM mantle section, the distance
from tie ridge axis, at which each unit has been structurally frozen in, can be esti-
mated. The additional use of data conceming the relative sense of shear in the perido-
tites and the relative position of the ridge axis with respect to the TM massif indicates
that the high level, early mantle structures in TM are related to plate driven flow.
Lzter, deeper mantle structures formed during forced flow. The latest spreading-related
structures are assigned to an off-axis, diapiric motion of the upper mantle which was
stopped at the base of the lithosphere at approximately 50 km from the ridge axis. The

lower meit infiltration zone is correlated with this event.

The history of the BOIC can be explained as an evolution during a decreasing
spreading rate. The decreasing spreading rate is considered responsible for the emerg-
ence of a late, transient, far-reaching forced flow field driven by the buocancy of par-
tially melted peridotite below the ridge during a period of restricted extensional plate
movement. As a further consequence of restricted extension, magmatic products ponded
at the base of the oceanic crust, resulting in the formation of thick dunite sequences in
the late history of the BOIC. This late history is best preserved in the Blow Me Down
massif of the BOIC which, based on the preservation of ridge-parallel flow structures

up to a depth of several kilometres below the Moho, must have been located close to

iii




the ridge axis when spreading ceased. The presence of lherzolites instead of harzbur-
gites at the base of all four massifs of the BOIC may be explained as the result of
slower mantle upwelling prevailing during very slow spreading in the final extensional

history of the BOIC. Later, the plates converged. causing detachment of the ophiolite.

The oceanic basin where the BOIC was generated may represent a pull-apart basin

(Andaman Sea type) which opened during strike-slip dominated tectonics within an

older, arc-type oceanic lithosphere. The boundary between the young lithosphere of the

BOIC and the older arc-type lithosphere would correlate with the pronosed fracture

zone in the Lewis Hills massif.
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1 INTRODUCTION

1.1 UPPER MANTLE DYNAMICS

1.1.1 Introduction

After twenty years of intense research, there appears to be little doubt that ophio-
lites represent oceanic lithosphere (e.g. Moores 1922, Coleman 1984, Nicolas 1989). In
particular, the similarity of seismic properties of oceanic lithosphere and ophiolites is
convincing (Christensen and Salisbury 197¢, Christensen 1984). \ specific tecionic
environment of formation for ophiolites does apparently not exist. Most striking is the
absence of an ophiolite which would be generally accepted 0 have tormed within a

classic mid-ocean ridge environment (Coleman 1984).

A complete ophiolite sequence consists from base to top of tectonized upper
mantle pendotites, layered and isotropic gabbros and minor ultramafic cumulates, a
mafic sheeted dyke swarm, mafic volcanics, and minor oceanic sediments. Minor

chromitite bodies and felsic intrusives may be present (Anonymous 1972). The sheeted

dyke swarm of this assemblage is indicative of extreme extension which is accommo-

dated by formation of oceanic crust. Geodynamically, extensional environments are
coupled with upwelling of upper mantle material from depth, either leading to a full
ocean formation as in the case of oceanic lithosphere (ophiolites) or to the thinning of
continental crust as in rifting environments, e.g. Basin and Range Province. This thesis
deals with the deep rooted processes leading to the formation of oceanic lithosphere,

i.e. mantle flow, partial melting, and melt migration.




1.1.2 Mantle flow and the formation of eceanic lithosphere: correlation between

geophysical models, mid-ocean ridges, and ophiolites

Two end-member models have been suggested by geophysicists for the formation
of oceanic lithosphere (Forsyth 1977, Phipps Morgan et al. 1987, Nicolas 1989, p. 30).
(i) In the dyke intrusion model (McKenzie 1967, Cann 1974), asthenosphere intrudes
vertically and in a dyke-like manner into the parting plates and solidifies in a steep flow
orientation beneath the ridge. The lithosphere is created in its entire thickness near the
spreading centre. Modifications allow for a wedge shaped flow towards the ridge axis.
(i1) In the plate thickening model (Parker and Oldenburg 1973, Forsyth 1977). the verti-
cal asthenospheric up-flow u.dergoes an overturn into a subhorizontal return flow
directed away from the ridge. The subhorizontally flowing asthenosphere is
transformed into L.thosphere as the plates cool progressively while they are moving
away from the ridge. In this way, the thickness of the lithosphere grows steadily with

increasing distance from the spreading centre.

Both models predict surprisingly similar topographic and thermal properties for
oceanic lithosphere (Forsyth 1977). Seismic evidence (Raleigh wave data) indicates,

however, a thickening ot the lithosphere with age in the Pacific and Atlantic ocean

(Forsyth 1977). In addition, seismic anisotropy studies in the Pacific ocean support the

plate thickening model, as the highest compressional wave velocity - which is parallel
to the high temperature olivine slip direction (Francis 1969, Nicolas and Christensen
1987) - is measured perpendicular to the ridge elongation (Christensen 1984, Nicolas
and Christensen 1987). The seismic evidence is thus inconsistent with a frozen in, verti-

cal flow pattern as required in the dyke intrusion model.

The large scale models for the formation of oceanic lithosphere are supplemented

by more detailed observations from the mid-ocean ridge system. A great effort has been




put into establishing and interpreting the topography across the strike of mid-ocear

ridge systems (e.g. Sleep and Rosendahl 1979, Parmentier and Forsyth 1985, Chen and

Morgan 1990) and along strike of the spreading axis between transfoim faults (e.g. Hey

et al. 1980. Lonsdale 1983, 1989, Macdonald and Fox 1983, Macdonald ¢t al. 1987,
1988, Sempéré et 1l. 1990, Karson ct al. 1987). The discovery of the along-strike topo-
graphic vanation ("mid-ocean ridge segmentation”) has added a third dimension to
medels of oceanic lithosphere formation. Lithosphere formation involves topographic
highs and lows along the ridge axis, overlapping and propagating spreading centres,
and non-overlapping offsets of the spreading ridge. Spreading centres may also migrate
into transform domains (Karson 1986). The topography probably correlates with mag-
matic centres of variable magnitude. The presence of magmatic centres along the strike
of a mid-ocean ridge implies a heterogeneous tormation of oceanic crust and explaing
the variation of crustal thickness (e.g. Detrick and Purdy 1980, Mutter et al. 1984) and
basalt chemistry (Christie and Sinton 1981, Langmuir and Bender 1984, Klein and
Langmuir 1987) observed within a segment of an ocean ridge bounded by transtorm

faults.

The ultimate cause of the topographic and magmatic segmentation must lic within
the underlying upper mantle. Several studies favour diapiric (or gravitational) instabil-
ities as cause of mid-ocean ridge segmentation (Whitehead et al. 1984, Schouten et al.
1985, Crane 19895, Lin et al. 1990). The possible existence of these instabilities has
been experimentally confirmed (Whitehead 1986). Based primarily on evidence trom
ophiolite studies, Rabinowicz et al. (1984, 1987) numerically simulated the effect of
diapirs on mantle flow. They showed that a forced flow regime near the ridge axis will
develop which overrides the regional piate driven flow. In addition, the melt trapped
within diapirs reduces the viscosity of the upper mantle and explains the sharp tumover

of mantle flow observed in ophtolitic upper mant'-..




The presence of diapiric instabilities aligned along the ridge axis implies inho-
mogeneous lithosphere formation and, as a result, lateral mantle flow develops parallel
to the ridge axis. The lateral flow appears directed towards the volcanic centre at depth
(Whitehead et al. 1984, Phipps Morgan and Forsyth 1988) but away from the centre
towards bounding transform faults at shallow levels (Vogt and Johnson 1975, Parm-

entier and Forsyth 1985, Nicolas 1989, p. 141).

An important variable for the formation of oceanic lithosphere is the spreading
rate. In the plate thickening model, the lithosphere is thicker for slow spreading rates
than for fast spreading rates at any given distance from the ridge axis. This means that
the lithosphere - asthenosphere boundary (representing an isotherm in the plate thicken-
ing model) is progressively more steeply inclined with decreasing spreading rates
(Parker and Oldenburg 1973, Sleep 1975, Kusznir and Bott 1976, Sleep and Rosendahl
1979, Chen and Morgan 1990). As a very steeply .nclined lithosphere - asthenosphere
boundary is typical for the dyke intrusion model, the plate thickening model could con-
verge with that model for slow spreading rates. This would, however, imply that return
flow has to break down below a certain spreading rate. Numerical modelling suggests
that unsteady return flow will develop with decreasing spreading rates (Scott and Ste-
venson 1989). Other effects of slow spreading are a reduced thickness of the oceanic
crust compared to fast spreading and the possibly complete absence of layer 3 (Sleep
1975, Kuznir and Bott 1976, Reid and Jackson 1981). Features similar to slow spread-
ing are developed in the vicinity of ridge - transform intersections (e.g. Detrick and

Purdy 1980, Mutter et al. 1984).

The mode by which me't migrates through the mantle is poorly known. It might

occur predominantly by porous flow (Frank 1968, Ahern and Turcotte 1979, McKenzie




1984, Phipps Morgan and Forsyth 1988), within “magmons” (regions of high porosity:

Scott and Stevenson 1986, Scott 1988),  within diapirs (Whitchead et al. 1984,
Whitehead 1986, Crane 1985, Scott 1988). or by veins and dykes (Sleep 1988).

Access to upper mantle rocks within the oceanic ridge system is restnicted to large
fault scarps. As a result, the study of ophiolitic mantle rocks is extremely important.
Structural studies in the mantle section of ophiolites suggest that natural analogues exist
to virtually all geometrical accretion models listed above. The Triniry rvpe ophiolite
(Bcudier and Nicolas 1985, Nicolas 1986a, 1989, Boudier et al. 1989) could represent
the d: ke intrusion model with the reservation that in the Trinity tvpe the inclination of
the flow line appears subhorizontal to mnderately inclined. The plate thickening model
is confirmed in the Tuble Mountain rype ophiolites (Prinzhofer et al. 1980, Girardeau
and Nicolas 1981, Nicolas and Violette 1982). High spreading rates favour the Table
Mountain type mantle structures over the Trinity type structures (Nicolas 1986b). The
model of diapiric centres along the ridge axis is exemplitied in the Oman ophiolite
(Ceuleneer and Nicolas 1985, Ceulereer et al. 1938, Nicolas 1989). Diapirs and related
forced flow may cause shear sense reversals within a given mantle section, as observed
in ophiolites (Ceuleneer et al. i988). The Oman ophiolite demonstrates the transition
between the diapiric flow pattern and the return flow pattern (Ceulencer et al. 1988) as
predicted in the plate thickening model. Abundant evidence cxists for along-axis mantle
tflow in ophiolites (Nicolas and Violette 1982, Ceuleneer et al. 1988). Scgmentation
similar to the mid-ocean ridge system is debated for the Oman ophiolite (Nicolas et al.
1988a, Juteau et al. 1988a,b). Omission of major parts of the plutonic sequence due to
slow spreading and rapid cooling appears to be realized in the Xigaze ophiolite (Nicolas
et al. 1981, Girardeau et al. 1985). Numerous ophiolites representing fracture zones
have been identified (Karson and Dewey 1978, Prinzhofer and Nicolas 1980, Reuber
1984, Murton 1986, Miller and Mogk 1987, Nicolas et al. 1988a).




Studies in ophiolites support three ways of melt migration: by dykes (Nicolas and

Jackson 1982, Nicolas 1986a), as diapirs (Nicolas and Violette 1982, Ceuleneer and
Nicolas 1985, Ceuleneer et al. 1988), and - possibly restricted to the ophiolitic transi-

tion zone - by porous flow (Nicolas and Prinzhofer 1983, Nicolas 1936b).

The fact that ophiolites are preserved in orogeni~ belts within the continental crust
implies that they must have undergone detachment from their oceanic environment. The
exact time of detachment is particularly importan: for ophiolites evolving according to
the plate thickening model. Dectachment near the ridge locks in the diapiric structures or
those with tlow parallel to the ridge, whereas later detachment will sample lithosphere
with classic return flow structures. These constraints do not apply to the slow spreading
ophiolites (dyke intrusion model) as their mantle structures are frozen in at the ridge
anyway. This 1s exemplified by the Trinity uphiolite which preserves a vertical mantle
structure, though it was detached 100 my after its formation (le Sueur and Boudier
1986). For the case of the plate thickening model, the Oman ophiolite with its pre-
served diapiric structures represents the type lithosphere for the early detachment scen-
ario (Boudier et al. 1982, 1988). The Table Mountain i~.assif within the Bay of Islands
Ophiolite indicates return flow conditions (Nicolas and Violette 1982) and possibly

somewhat later detachment.

1.1.3 Some petrological implications of mantle flow

Within the upwelling region of oceanic environments, mantle rocks will record a
continuous decompression history. The temperature history of the peridotites is, how-
ever, more complex. For slow ascent rates, the upwelling mantle peridotites are
affected by the regional temperature distribution and conductive cooling plays an
important role in their thermal history. For high ascent rates, the mantle material will

approach adiabatic conditions, i.e. cool only by expansion, but otherwise retain its heat




and temperature due to the relative ‘nefficiency of conductive cooling. As the solidus of
dry peridotite drops significantly with decreasing pressure, a fast ascent of mantle per-
idotite will lead to massive partial melting, the products of which are seen in the

oceanic crust (e.g. McKenzie 1984).

The ascent rate of mantle material is proportional to the spreading rate (Nicolas
1986b) though the proportionality factor is debated (Scott and Stevenson 1939). Nicolas
(1986b) suggests that for spreading rates > lcm/y, adiabatic conditions are acaieved,
melting proceeds to the stage where 2 harzburgitic residue is left behind, and return
flow conditions are initiated. In addition, thick oceanic crust is formed (KReid and Jack-
son 1981, McKenzie 1984). Slower spreading (and ascent) rates produce only a lher-
zolitic residue (Boudier and Nicolas 1985). These simplistic rules may be overridden by
local factors occurring, for example, within diapirs, near transform faults, at the tip of

propagating rifts or by melt impregnation within the mantle.

Very low extension rates are coupled with low ascent rates and will lead to the
emplaccment of mildly or undepleted upper mantle at variable levels within the litho-
sphere (Nicolas 1986b). Suc.. weakly extensional environments only rarely lead to full
oceanic conditions and the peridotites may freeze within the continental crust as shown
by granulitic contacts in the case of some alpine spinel- and plagioclase-lherzolite
massifs (Komnprobst 1969, Obata 1980, Kornprobst and Vielzeuf 1984, Nicolas 1986a,
1989). Alternatively, some of the lherzolitic peridotites were formed not by vertical
ascent, but along shallow dipping, extensional shear zones (Lemoine et al. 1987, Drury
et al. 1990).

Finally, the melt migration mechanism will have a pronounced influence on the
state of equilibration of the upper mantle. As the phase relationships of basaltic melts

are subject to continuous change with varying PT conditions, melts formed at depth will




have the potential to react with peridotite at lower pressures (e.g. Kelemen 1950). The
degree of equilibrium reached will be highest for porous flow and lowest for melt

migration within wide dykes.

' 1.2 PURPOSE OF STUDY

The review of the preceding sections demonstrates the dynamic nature of the
upper mantle below oceanic spreading centres and the suitabulity of ophiolites as ana-
logues to the oceanic lithosphere - asthenosphere system. This thesis investigates the 6
km thick upper mantle section of the Table Mountain Massif in the Bay of Islands
Ophiolite. The Table Mountain mantle section has previously been assigned to forma-

tion during mantle return flow (Girardeau and Nicolas 1981). It thus offers an ideal

location to study the evolution of mantle return tlow and the structural and magmatic

processes associated with it.

1.3 GEOLOGICAL FRAMEWORK
1.3.1 Tectonic evolution of Newfoundland

Newfoundland is part of the Appalachian-Caledonian orogeni< belt which is
marked by numerous ophiolite occurrences (Fig. 1.1.; Williams 1984). The orogen
formed by opening and closure of the Proto-Atlantic ocean (lapetus) during the lower
Paicozoic (Wilson 1966). Ophiolites preserved in central and western Newfoundland
are interpreted as vestiges of the lapetus or related marginal basins (Stevens 1970,
Dewey and Bird 1971).

Newfoundland is conveniently divided into 4 zones (Fig. 1.2; Williams 1979).
From east to west the zones are called Avalon, Gander, Dunnage, and Humber. Gander

and Dunnage Zone have also been combined into the Central Mobile Belt (Williams

1964, van der Pluijm and van Staal 1988). The Humber Zone represents the autochtho-
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Fig. 1.1. General areas of Paleozoic ophiolite occurrences in the Caledonian-Appala-
chian orogen (from Williams 1984).
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nous western continental margin of the lapetus. The other three zones are considered
suspect terranes (Williams and Hatcher 1983). The Dunnage and Gander terranes have

beer divided into subterranes (Williams et al. 1988).

Overlying the Humber Zone are the Humber Arm and Hare Bay Allochthons. The
allochthons can be divided into numerous thrust sheets (Williams 1975). The Bay of
Islands Complex (BOIC) represents the highest thrust sheet within the Humber Arm
Allochthon. The White Hills Peridotite occurs in a similar tectonic setting in the Hare
Bay Allochthon. Together, the BOIC and the White Hills Peridotite are referred to as
“western Newfoundland ophiolites”. The most likely root-zone for the western New-
foundland ophiolites is the Dunnage terrane. The Dunnage contains numerous ophiolitic
occurrences ("central Newfoundland ophiolites”) as well as arc-related assemblages
(e.g. Williams 1979). It represents an oceanic tract which, according to recent seismic

evidence, is entirely allochthonous (Keen et al. 1986, Marillier et al. 1989).

Closure of the Iapetus appears to have taken place during the Taconian orogeny in
the early middle Crdovician (Williams 1979), though arguments for a later date exist
(van der Pluijm and van Staal 1988, van der Pluijm etal. 1990). During the Taconian
event, the Bay of Islands ophiolite was thrust out of the collision zone and emplaced
onto the westcin continental margin. The central Newfoundland ophiolites remained,
however, trapped within the collision zone. In addition, they were later affected by the
Acadian phase of deformation and are consequently more dismemberzd than the west-

ern Newfoundland ophiolites.

A key element in nearly all plate tectonic models for the Newfoundland Appala-

chians is an eastward dipping subduction zone between the Humber and Dunnage zones

along which an ocean basin was closed during Taconian times (e.g. Williams 1979).

Closure coincided with cessation of the early arc magmatism and ophiclite obduction
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(Strong 1977). Pre-Taconian, westward dipping subduction zones have also been sug-
gested (Dewey and Bird 1971, Williams 1975, 1979, van der Pluijm et al. 1990). The
post-Taconian history of the island is not agreed upon. Two puzzling features are
post-Taconian "late arc magmatism” in the Dunnage zone (Strong 1977, Whalen 1989)
and the Acadian deformation in the lower Devonian. Some of the more recent models
for the post-Taconian history suggest (i) continued eastward subduction of continental
mantle after delamination from continental crust (Colman-Sadd 1982, Stockmal et al.
1987); (i1) westward subduction under a Dunnage marginal basin (van der Pluijm and

van Staa! 1988, van der Pluijm et al. 1990); or (iii) terrane convergence and accretion

(Williams et al. 1988).

1.3.2 The Bay of Islands Ophiolite: nomenclature

Within the Humber Arm Allochthon, thrust sheets with igneous and metamorphic
rocks overlie thrust stacks of sedimentary rocks (Church and Stevens 1971, Williams
1973). The thrusted sedimentary rocks are collectively referred to as Humber Arm
Supergroup and represent pieces of continental margin sequences of Cambrian to
Ordovician age. Together with synchronous platformal sediments of the Humber Zone,
they record a rift-drift-collapse sequence of the western continental margin of the Iape-

tus (Williams and Hiscott 1987).

The nomenclature of the igneous and metamorphic assemblages has been subject
to several changes (Fig. 1.3). In the original classification, Williams (1973, 1975) dis-
tinguished the following slice assemblages: (i) the Skinner Cove Formation, consisting
of undeformed alkali basalts with minor sediments. It occurs in scattered exposures
along the coast line between Bonne Bay and the Lewis Hills. (ii) The Old Man Cove
Formation, characterized by polydeformed greenschists. It is located in thrust slices

above the Skinner Cove volcanics. (iii) The Little Port Complex (LPC), which includes
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amphibolites, gabbros, sheeted dykes and altered lavas, intruded by ultramafic intru-
sions and large trondjhemite bodies, all cut by later undeformed dykes and overlain
unconformably by mafic pillow lavas in the area south of Bonne Bay (Williams 1973,
1975, Karson and Dewey 1978, Karson 1984). The LPC occurs as a belt of NNE-SSW
trending, coastal hills to the north of the Lewis Hills (LH) and south of Bonne Bay and
structurally overlies the Old Man Cove Formation (Williams 1973 and 1975). The for-
mation of the LPC was related to the development of an island arc (Malpas et al. 1973
and 1979b, Williams 1975, Searle and Stevens 1984, Jenner et al., in press) or to a
fracture zone (Karson and Dewey 1978, Karson 1984). (iv) The Bay of Islands Ophic-
lite. It represents a classical ophiolite. It is exposed in four massifs, which are from
north to south Table Mountain (TM), North Arm Mountain (NAM), Blow Me Down
Mountain (BMD), and Lewis Hills (LH). Only the two centrai massifs contain all units
of a complete ophiolite succession. The higher units (sheeted dykes and lavas) have

heen eroded from the TM and the LH massifs.

Karson and Dewey (1978) and Karson (1984) combined the Skinner Cove Forma-
tion, Old Man Cove Formation, the LPC and the western LH into the Coastal Complex
(CC). They interpreted the CC as a transform fault assemblage and its western
extension. The deepest level of the transform fault assemblage is exposed in the western
LH. The Bay of Islands Ophiolite, excluding the western LH, was renamed Bay of
Islands Complex (BOIC). The BOIC accreted against the CC within the non-transform
setting of a fracture zone (Karson and Dewey 1978). Within the LH, the boundary
between the CC and the BOIC is preserved as a 3-5 km wide zone (Mount Barren
Assemblage) which was assigned to the CC (Karson and Dewey 1978). Later, the term
Mount Barren Assemblage was abandoned (Karson 1984, Casey et al. 1985) and the
Skinner Cove Formation was considered again a separate thrust sheet representing a

seamount clipped during subduction and accreted to the sole of the BOIC (Casey et al.
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1985). In a recent compilation, Williams and Cawood (1989) adapted the concept that
the LPC extends further to the south into the western LH and reintroduced the Mount
Barren Assemblage (now called Mount Barren Complex). They retained the Old Man

Cove Formation as a separate thrust slice.

In this thesis, the terms CC and BOIC are used, following the definition of Casey
etal. (1985). Whether the CC includes or excludes the Old Man Cove Formation is of
no relevance to the thesis. CC and BOIC together are referred to as Bay of Islands
Ophiolite (BOIO). The term LPC is used in the definition of Williams (1973, 1975) and

Jenner et al. (in press) and excludes the western LH.

1.3.3 The Bay of Islands Ophiolite: previous work

Following the early investigations of Snelgrove et al. (1934), Ingerson (1935),
Cooper (1936), and Buddington and Hess (1937). the first comprehensive map of the
BOIC was published by Smith (1958). He considered the complex to be a layered intru-
sion with crystal mush features dominating in the ultramafc part. The allochthonous
nature of the BOIC within the Humber Arm Allochthon was first suggested by Stevens
(1970). A few years after the introduction of the plate tectonic concept, the Bay of
Islands "igneous intrusion” was reinterpreted as an ophiolite and ancient oceanic litho-
sphere (Stevens 1970, Dewey and Bird 1971, Church and Stevens 1971). Remapping of
the BOIO (Williams 1973) was accompanied and followed by detailed petrological work

(Irving and Findlay, 1972, Malpas 1976, 1978, Malpas and Strong 1975, Riccio 1976,

Church and Riccio 1977). As aresult, the residual nature of harzburgites, and the

cumulate nature of dunites, layered ultramafic rocks and gabbros was confirmed.

Structural investigation of the mantle tectonites revealed a flow pattern related to

mantle return flow and the discovery of shear sense reversals in the mantle section (Gi-
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rardeau 1979, Girardeau and Nicolas 1981). The reversals were later explained in a
numerical simulation of mantle flow beneath mid-ocean ridges (Rabinowicz et al.

1984).

Detailed work within the massive dunites and overlying layered ultramafic rocks
demonstrated their highly deformed nature (Karson 1975, 1977, Rerger et al. 1975,
Salisbury and Christensen 1978, Thayer 1980, Girardeau and Nicolas 1981, Casey et
al. 198.. Moll 1981, Calon 1984, Neyens 1986, Dunsworth et al. 1986). The geologi-
cal investigation of the LH led to the fracture zone model (Karson 1977, 1984, Karson
and Dewey 1978, Karson and Elthon 1987). Mapping of arcuate arrangements of
igneous layering in NAM and the LH resulted in a magma chamber model for the
BOIC (Casey and Karson 1981). Petrological arguments put forward by Elthon resulted
in a more extreme model of a magma chamber with a deep-reaching funnel (Elthon et
al. 1982, Casey et al. 1983) which was, however, recently questioned (Elthon 1990).
Detailed work in the cumulate section of the BOIC demonstrated the need to invoke
open system fractionation involving numerous batches of new magma (Church and Ric-
cio 1977, Elthon et al. 1982 and 1984, Komor et al. 1985a, Casey et al. 1985, Camp-
bell and Turner 1989).

Numerous studies indicated a MORB similarity of the volcanics and sheeted dykes
in the BOIC (Coish and Church 1979, Jacobsen and Wasserburg 1979, Suen et al.
1979, Casey et al. 1985). In addition to the main tholeiitic trend, Malpas (1978) found
evidence for a mildly alkaline tendency. The mafic volcanics of the CC also showed a
MORB affinity (Casey et al. 1985). Within the LH, a generation of diabase dykes

occurs which could have formed by low pressure melting of oceanic cumulate rocks

(Elthon et al. 1986).




Malpas (1979b) pointed out the difference in character between trondjhemites in
the LPC and those of the BOIC. Karson (1984) favoured an origin of the LPC trondjhe-
mites by partial mziting of lower oceanic crustatl rocks and/or by contamination of a
fractionated magma within a spreading centre. Recent trace element and isotopic work
(Jenner et al., in press) confirms the genetic difference between trondjhemite occur-
rences in the CC and the BOIC and suggests (i) a non-MORB nature of the large
trondjhemitic intrusions in the LPC, and (ii) possibly a non-MORB nature of the BOIC

trondjhemites.

The only thorough structural work in the high level ophiolitic part of the BOIC by
Rosenkrantz (1980, 1983) led to the surprising result of a highly variable sheeted dyke
orientation in northern North Arm Mountain. The conclusions of Rosenkraniz (op. cit.)
about a N-S directed ridge orientation are in contrast o a mean trend developed in other
parts of the BOIC (Williams and Malpas 1972, Salisbury and Christensen 1978, Casey

et al. 1983) as well as in the northern Coastal Complex (Karson 1984).

The pre-ophiolitic concept of a contact metamorphic aureole in the BOIC (Smith
1958) was revised by Williams and Smyth (1973) and Malpas et al. (1973) in favour of
a dynomothermal metamorphic sole. The meramorphic gradient within the sole ranges
from granulite occuring next to the upper mantle rocks to subgrrenschist at the base.
Internal heat of the ophiolite body and frictional heat generated during ophiolite detach-
ment were considered responsible for development of the very steep thermal gradient.
In later studies, Malpas (1979a) demonstrated that frictional heating alone was
insufficient to explain the inferred temperatures at the contact. This conclusion was
questioned by McCaig (1983) who was impressed by an apparently large difference
between the age of formation and the age of obduction of the BOIC (see below).
McCaig (1983) presented a model involving thrust stacking on top of the ophiolite prior

to formation of the sole in order to account for unexplained high pressures and pro-
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grade relations in granulites of the metamorphic sole of the BOIC. Jamieson (1986)
suggested that, at least in the White Hills peridotite, the metamorphic sole represents a
complex skear zone juxtaposing prograde, low grade metamorphic rocks against retro-

grade, high grade rocks along a shear zone of intermediate metamorphic grade.

Early age determinations from the BOIC suggested an age of formation of 504 +
10 Ma (zircons from trondjhemites, Mattinson 1976) and 508 + 6 and 501 + 13 Ma
(Sm-Nd age of gabbros, Jacobsen and Wasserburg 1979). The minimum age of detach-
ment was placed at 469 + 5 Ma (K-Ar of amphibolites, new decay constant, Dallmeyer
and Williams 1975). The age for the BOIC appeared therefore close that of the CC,
determined as 508 + 5§ Ma (zircon age from trondjhemite in the LPC, Mattinson 1975).
The 1atter age has been confirmed (Jenner et al., in press). The age for the BOIC was
revised, however, to 486 +2/-1 Ma (Dunning and Krogh 1985, Jenner et al., in press).
Various tectonic models suggested for spreading and obduction of the BOIO are dis-

cussed in chapter 6.

1.4 ORGANIZATION OF TEXT

The organizatior of the thesis is as follows. Largely descriptive material is pres-
ented in chapter 2 (Field Relationships), chapter 3, and the first parts of chapter 4
(Microstructure) and chapter 5 (Geochemistry). The second half of chapters 4 and 3,
and the entire chapter 6 are interpretative. Chapter 6 synthesizes most of the informa-
tion into a tectonic model for the entire BOIC. Chapters 2 to § are preceded by a sum-
mary. Stereographic projections of structural data and geochemical data/procedures are
listed in the appendices. Two detailed maps showing the structural data and a sample

location map can be found in a pocket at the end of the thesis.
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1.5 STRUCTURAL WORKING TECHNIQUES

The approach taken in this thesis follows closely the working techniques devel-
oped for peridotites (Nicolas et al. 1971, 1972, Nicolas and Poirier 1976, Nicolas
1989). In addition, geochemical data were collected.

In the field, stations were recorded on 1:10,000 colour aerial photographs. Each
station contains structural and lithological observations, e.g. rock type, grain size,
orientation and strength of the mineral defined foliation and lineation, orientation and
type of lithological banding, measurements of fold axes, axial planes and fold asym-
metries, dyke lithology and oricntation, and boudin elongations. The mineral shape fab-
ric is particularly important as it is closely related to the actual flow plane (Etchecopar
1977, Etchecopar and Vasseur 1987, Nicolas and Poirier 1976, Bouchez et al. 1983).
When a shape fabric was not visible in the field, it could usually be retricved by pro-
gressive cutting and bleaching of oriented specimens with dilute HCI in the laboratory
(Nicolas and Poirier 1976).

The numerous structural onentations listad within chapter 2 are presented in a
dip-direction/dip format for planar elements and plunge-direction/plunge format for lin-
ear elements as this is considered the most effective way of communicating orientation
data. As an example, a plane striking N40°E and dipping 60° tv the northwest is
reported as 310/60. A linear element trending N40°E and plunging 60° to the northeast
is reported as 40/60.

Microstructural studies were performed using thin sections cut perpendicular to
the foliation and parallel to lineation. These sections are considered XZ-cuts (Bouchez

et al. 1983). An exact location of the foliation and lineation is important, as shear sense

*XYZ indicate the principal elongations of the finite strain ellipsoid with X>Y > Z.
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determinations are based on the relation between the foliation trace and the trace of the

slip plane in the thin section. The slip plane and direction was determined by olivine

petrofabric analysis using a five-axis universal stage. 100 olivine grains were measured

in each slide. Oricntation data were manipulated using a computer program originally
designed by Dr. L. Bouchez (Université de Nantes) and further developed by Dr. D.
Mainprice (USTL Montpellier). The petrofabric data nearly always indicated a slip
direction parallel to [100] of olivine. Consequently, the shear sense could be deter-
mined more rapidly by using the normal to the olivine tilt wall orientation as indicator
of the flow plane (Nicolas et. al. 1972). The mean tilt wall orientation (extinction
direction) was determined by measuring 50-80 olivine grains. For small grain sizes, a
mean extinction direction for several grains was optically determined and taken to
represent one measurement. Angles between the foliation and the flow plane of less
than 4° were considered insignificant and the shear sense was designated as neutral.

Microstructural shear sense determinations presented in section 2.8 are based both on

the U-stage and the tilt-wall method.

Analytical procedures for the geochemical work are reported in Appendix B.




2 FIELD RELATIONSHIPS

2.1 SUMMARY

Within the Table Mountain massif upper mantle peridotites and plutonic crustal
rocks are folded into an isoclinal synform. A 6 km thick mantle section is developed on
the eastern limb of the synform. The mantle section, including massive dunites below

the gabbros, has been mapped in detail.

The mantle section is subdivided into six structural units, which are numbered |
through 6 from the top to the base of section. The units can be defined by changes in
the orientation of the high temperature mineral stretching lineation across the unit

boundaries.

Unit 1 consists largely of massive dunites with rare (plagioclase-) wehrlitic t and-
ing. Dunite bands cut this banding. Gabbro and coarse, layered wehrlite bodies occur
within the massive dunites. Orthopyroxenite dykes are only weakly deformed.
Stretching lineations plunge moderately to steeply to the westnorthwest and foliations

appear sigmoidally arranged on a larger scale.

Within unit 2, lineations trend northnortheast - southsouthwest and foliations dip
moderately to steeply to the northwest. A strong aggregate fabric is developed in the
fine grained peridotites of the upper part of unit 2. Numerous dunite bands and clinopy-
roxenite dykes, as well as rare, thin plagioclasites occur in the clinopyroxene-rich harz-
burgites. Mesoscopic folds are restricted to a few weak flexures of the foliation. On a
100m-scale, the foliation is folded in the southern part of unit 2. The dominant shear

sense is dexiral. Orthopyroxenite dykes are undeformed to weakly deformed.

Changes from unit 2 to unit 3 are gradational apart from a stretching lineation

plunging to *' - northwest in unit 3. Additional changes near the unit boundary, com-

pared to unit ? - -e as follows: (i) the shear sense reverses to sinistral; (ii) dunite bands
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are less numerous, but orthopyroxene-rich banding is more abundant; (iii)
clinopyroxene is rare in harzburgite; (iv) the orthopyroxene grain size increases; (v) the

mineral shape fabric becomes weaker.

Within umt 3, asymmetric folds develop progressively down-section. Their asym-

melry is consistent with microstructurally determined, sinistral shear. The distribution

pattern of orthopyroxenite dykes suggests progressive transposition during sinistral

shear from original steep attitudes perpendicular to the stretching lineation within unit 2

to near foliation-parallel orientations rear the base of unit 3.

Unit 4 is defined by a northeast-trending stretching lineation and a heterogen-
eously distributed, mylonitic fabric within otherwise moderately deformed,
clinopyroxene-poor harzburgites. The shear sense is sinistral and most if not all dykes

are deformed.

The transition from unit 4 to 5 is marked by changes in most structural and litho-
logical elements and is singled out as a transitional unit (TU). Compared to unit 4, per-
idotites in unit 5 are: (i) coarser grained and enriched in clinopyroxene, and (ii) their
mineral shape fabric is weaker; (iii) the stretching lineation within unit 5 plunges
steeply to the westnorthwest; (iv) lithological banding in unit 5 defines a large synfor-

mal structure; (v) cross-cutting dykes are virtually absent.

Peridotites of unit 6 are clinopyroxene-rich harzburgites and lherzolites. The min-
eral shape fabric is strong and orthopyroxene grains are coarse. Several generations of
high strain zones overprint each other. No consistent attitude of the stretching lineation
is present within the unit. The base of the unit, representing the contact with the meta-

morphic sole, is marked by a zone of one to several metres thick ultramafic ultramylo-

nite.




The metamorphic sole is divided into two structural subtypes: (i) a thin, continu-
ous belt exposing mainly amphibolites, and (ii) a more "bulky", discontinuous thrust
belt consisting of slices of amphibolites, greenschist, and mantle peridotites juxtaposed

internally along discrete faults.

2.2 INTRODUCTION

Upper mantle peridotites are exposed in all four massifs of the BOIC. Regional
mapping was restricted to the upper mantle section in the Table Mountain massif which
is the most accessible massif and preserves the thickest, continuous mantie section in
the BOIO. Above upper mantle harzburgites and lherzolites, massive dunites are
exposed in TM. Within ophiolites, the dunites are variably assigned to the residual
mantle (Sinton 1977, Arai 1980, Nicolas and Prinzhofer 1983, Benn et al. 1988) or to
the cumulate section (e.g. Malpas 1978, George 1978, Casey et al. 1981, Lippard et al.
1986). Because of their disputed nature, the massive dunites were included in the field
work. Mapping was, however, not extended into the basal layered cumulate sequence,
as their field relationships have been recently reported by Girardeau (1979), Girardeau
and Nicolas (1981), and Neyens (1986). Where appropriate, data of these authors are

taken into consideration.

Field data are presented in three fold-out maps in the back of the thesis: Map I -
foliations and lithological banding; Map II - lineations; and Map III - station locations
and sample numbers. Summary maps for the different lithologies (Fig. 2.1), mineral
stretching lineations (Fig. 2.2), foliations and lithological banding (Fig. 2.3), and
microstructurally determined shear senses (Fig. 2.4) are given within the text of this
section. They also contain data for the lower crustal section, compiled from Girardeau

and Nicolas (1981) for foliations and lineations and from Neyens (1986) for the litholo-
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Fig. 2.1 (facing page). Map showing lithological elements in the Table Moun-
tain Massif. Distribution of ultramafic cumulates after Neyens (1986).

LEGEND

high angle fault

(in coloured areas): low angle fault

(in white areas): low angle fault at the base of the
Skinner Cove volcanics (from Quinn 1985, Williams
and Cawood 1989);

ductile contact between the metamorphic sole and
upper mantle peridotite.

zone of relative later, spreading-related high strain,

zone of relative later, detachment-related high strain

..... structural unit boundary (for units see Fig. 2.2)

The following symbols are used only in areas ‘. th dunite, harzburgite and lherzolite

O plagioclasite vein

+ wehrlitic peridotite
+ plagioclase wehrlite
a

chromite seam

coarse orthopyroxene grains in harzburgite.
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LITHOLOGIE®
E==20 gabbro :
[==21 layered ultramafic cumulates, intrusive (?) ultramafics
"1 massive dunite with minor (plagioclass—) wehriite
T3 cpx—imprognated harzburgite, rich in dunite bands, poor opx-banding
=== harzburgite with minor dunite, good opx—banding

98 1 large dunite bodies

C— dunite-rich harzburgite, cpx—poor

X0 coarser harzburgite with trapped melt, rars dunite

EZ=3 coarse lherzolite

E===9 metamorphic sole (granuiite, amphibolite, greenschist)




Fig. 2.2 (facing page). Map showing stretching lineations and structural unit
boundaries in the Table Mountain Massif. Data for gabbros and ultramafic
cumulates after Girardeau (1979). TU - transition unit; SC - Skinner Cove
Formation; MS - metamorphic sole and related lithologies. For legend see

Fig. 2.1
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Fig. 2.3 (facing page). Map showing foliations and lithological banding
within the Table Mountain Massif. Data for gabbros and ultramafic cumulates
after Girardeau (1979). For legend see Fig. 2.1
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Fig. 2.4 (facing page). Map showing microstructurally determined shear
senses (including those determined with petrofabric data) in the Table Moun-
tain Massif. For legend see Fig. 2.1
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gies. Stereographic representations of structural elements for each stru.tural unit are
shown in Appendix A (Figs. A2.1-A2.17). The stereographic representations also
contain isolated data, e.g. two fold axis measurements within a structural unit. The iso-
lated measurements will not be referred to in the text as they are considered statistically

insignificant.

Of particular importance is the lineation map (Map II and Fig. 2.2). It shows that
six areas can be distinguished in the peridotites, each separated from the other by a dif-
ferent orientation of the mineral stretching lineation. These six areas are considered to
be separate structural units. Starting from the top of the section studied and going
down-section, they are numbered | through 6 (including one transitional unit, TU,
between units 4 and 5). For reference, the structural unit boundaries are also shown on
the lithology -, foliation-, and shear sense-maps. All units are defined on the extensive
eastern side of the TM masssif. Structures on the western side which correspond to

units 2 and 3 on the eastern side are referred to as unit 2' and unit 3'.

The descriptions of the detailed field relationships (sections 2.4.3 to 2.9) report
the variation of each structural element or group of elements (e.g. "folds") within the
mantle section including the massive dunites. In the description, the division into struc-
tural units is used for geographical reference. The term "down-section” will frequently
be used. It refers to a direction pointing from the gabbros into the harzburgites to the

metamorphic sole. “Up-section” indicates the reverse direction.

2.3 LARGE SCALE FAULTING AND FOLDING

2.3.1 Late faulting

Like the three other massifs of the BOIC, the TM massif represents a gravita-

tional slide and as such is bounded by a shallow detachment fault (Williams 1971 and
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1973, Cawood and Williams 1988, Williams and Cawood 1939) which is usually
developed as mélange (Williams 1971, Wilhams and Smyth 1973). Where exposed in
the TM massif, the contact of the ophiolite with the country rocks is. however, steep.
This is seen in the well-known exposure in the Winterhouse Brook section (Smith 1958,
Mercier 1977), as well as 1n the Shoal Brook section. Other small outcrops along the
northern, eastern and southern side of the massif expose shales and sandstones, which
are part of the Blow Me Down Brook Formation (Quinn 1985). With the exception of
the NAM massif, the shallow detachment model is confirmed by gravity data (Weaver

1967).

Fig. 2.5. Location of columnar sections through transition zone (A-E, Fig. 2.8) and
cross-section (F, Fig. 2.6) in TM massif. For legend see Fig. 1.3.

The northwest-southeast trending, sinistral offset paitern between the four massifs
(Fig. 1.3) is duplicated in several, previously unrecognized, apparently sinistral, cross

faults along the northern margin of TM. The concentrations of cross faults near the
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northern and southern margins of the massif suggests that they are related to the break
up of the BOIC into separate massifs. This might have occurred during the final gravi-

tational sliding of the BOIC into its current location.

Deviating from previous studies (Smith 1958, Girardeau 1979, Neyens 1986),
gabbroic lithologies within the two fault slivers along the southern margin of the massif
are not interpreted as slumps. They are considered as an integral part of the late fault
slivers and thus represent the gabbroic core of the TM synform (see 2.3.2). Faulting
near the eastern edge of the massif appears to be related to the later history of oceanic

detachment of the BOIC (Suhr and Cawood. submitted).

2.3.2 Large scale folding

Regional mapping in the three northern massifs of the BOIC suggests that all three
massifs are folded into synforms about a northnorthwest - southsoutheast trending, sub-
horizontal axis (Williaras 1973, Casey and Kidd 1981). Profiles shown in Karson
(1979) also indicate folding of the eastern part of the LH massif. Folding of the massifs
has not affected the Humber Arm Supergroup and thus must predate the gravitational

sliding (Williams 1973, Williams and Cawood 1989).

The synformal nature of the BMD massif has later been questioned (Casey et al.
1979, Salisbury and Christensen 1979). For the TM massif, two models differing from
the synform model were suggested. Girardeau and Nicolas (1981) apparently favoured
a simple westward tilting of the entire massif, whereas Moll (1981) proposed the pres-
ence of a shallow detachment horizon near the geographic top of the TM massif. In her

model, a thin mafic section is juxtaposed against the underlying upper mantle sequence

along the flat fault.




As the eastern and western harzburgite-dunite transitions are gradational, they are
considered primary and unfaulted. Only the presence of a synform can explain the sym-
metrical arrangement of the sequence harzburgite-dunite to the east and west ot the cen-
tral gabbros in TM. Structural data from within the gabbros of TM are, however, not
clearly related to the core of a synform (Fig. 2.3). It is suggested that large parts of the
hinge have been suppressed by thrusting of the western limb over the core of the syn-
form (Fig. 2.6). Manipulation of the structural data of the peridotite units 2/2' and 3/}
from both sides of the synform demonstrate that the data can be brought nto
approximate coincidence if folding has been iioclinal (180° rota:ion) and occurred
about an axis trending N40°E (Fig. 2.7). The isoclinal nature oi the synform at TM
contrasts with more open {ciding of the two massifs to the south (e.g. Williams and

Cawoou 1989).

A.l major intcrpretations developed in this study {chap. 6) are based only on the
analysis of the extensive and intemally unfaulted eastern hmb. All stereographic data,
including those from the western limb (Figs. A2.3, A2.4) are presented in field orienta-

tions, i.e. unrotated.

2.4 LITHOLOGY

2.4.1 Inti oduction and definition of terms

Four major lithological units can be defined within the TM massif (Fig. 2.1): (i)
gabbroic rocks in the core of the synform; (ii) pyroxenites, wehrlites, troctolites and
dunites of the "transition zone" (term defined below); (iii) harzburgites and lherzolites

of the mantle section; (iv) granulites, amphibolites, and greenschists of the meta-

morphic sole and associated rock units. Within this study, the emphasis is put on the
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tormation and deformation of the harzburgites and lherzolites.

Characteristic for the peridotites of the residual mantle is a lithological banding,
frequently called layering. The term banding 1s preferred in this study. It describes the
modal variation between different phases and superficially resembles the igneous layer-
ing of layered intrusions. It lacks, however, any graded bedding and cryptic mineral
chemistry variation present in layered intrustons. The modal variation involves mostly
olivine and orthopyroxene (opx), but may involve clinopyroxene (cpx) and spinel. The
mineral defined foliation is typically to the banding, except in areas of folding where an
dxial planar fabric may be developed. The origin of the banding has fascinated nearly
a.1 workers of alpine peridotites and ophiolites (e.g. Dick and Sinton 1979, Nicolas and
Jackson 1982). No single mecharism for the forriation of the banding is agreed upon.

The term is used here in an entirely descriptive sense.

The petrological Moho (Malpas 1973, George 1978) is located between residual
and purely magmatic rocks. While the term is extremely useful, the location of the
Moho is practically very difficult to delineate. This has been recognized by Sinton
(1977), who used the term transition zne for rocks of a mixed residual/magmatic char-
acter. Later, Nicolas and Prinzhofer (1983) recognized the universal presence of transi-

tion zone rocks in ophiolites.

Typical for the mantle section are cross-cutting dyke lithologies. Waile the dyke
nature of pyroxenites is largely undisputed, the suggestion has been made that dyke-like
dunites parallel and oblique to the banding represent the altered wall rocks to magma
conduits (Boudier and Nicolas 1972, 1977, Dick 1977b, Kelemen 1990). In this

replacement model for dunite formation, all magma has been extracted during closure
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Fig. 2.7. Stereographic projections (equal area) showing the effect of unfolding the structural elements from the western
limb of the Table Mountain synform. The 180° rotation is performed about a horizontal axis trending N40°E. Arrows
indicate the rotation which should ideally move the maximum density of data from the western limb (open squares) into
coincidence with the maximum density of data from the eastern limb (squares with x). The diagrams show that by
performing the rotation, the poles to foliations and lineations of the western limb can be brought into approximate
coincidence with those of the eastern limb. (a) Rotation with orientation data from unit 2/2'. (b) Rotation with orientation

data from unit 3/3'.

Light dotted areas surrounded by dashed lines - foliations of western limb; heavy dotted areas surrounded by con-
tinuous lines - foliations of eastern limb; open areas surrounded by dashed line - lineations of western limb ; open areas
surrounded by continuous line - lineations of eastern limb. Dashed and continuous lines indicate contours levels in % of 1%
area as follows: 2' lin-5and 11%; 2' fol-5and 11%; 3'lin- 5 and 17%; 3' fol - 3 and 13%; 2 fol - 5 and 9%; 2 lin - 3
and 7%; 3 lin-3 and 7%; 3 fol - 3 and 9%.



of the conduit. The in-situ formation of dunitic "dykes" can, however, only be demon-
strated under spevial, favourable circumstances (Boudier and Nicolas 1977, Nicolas
1989, p. 227). In order t0 avoid any genetic connotation, the term dunire band will be
used for dunites of dyke-like moprphology and an oblique orientatio. of foliation and

the repetitive (pyroxenitic or dunitic) banding.

2 4.2 Transition zone

Lithological sections through the transition zone of TM are shown in Fig. 2.8.
The lithologically most diverse sequence is exposed in the central part of the eastern
limb of the massif (Fig. 2.8b, Pl. la). In this highly deformed section, clinopyroxene-
nch harzburgites develop up-section into a iithologically banded scquence of dunite,
harzburgite, wehrlite, and plagioclase wehrlite. These peridotites are overlain by
massive to poorly banded dunites with minor wehrlitic bands. According to Neyens
(1986), a well layered sequence of coarse wchrlites, troctolites, dunites, anorthosites
and (olivine-) gabbros follows and grades into layered gabbros. Further up-section,

after several hundred metres of layered gabbro, another wedge of ultramafic cumulates

appears .

Based on detailed structura! wvork in the area of Fig. 2.8b, Calon and Malpas

(1985) and Neyens (1986) proposed the existence of a complex isoclinal fold pattern

formed during high temperature plastic deformation. According to Girardeau and Nico-
las (1981) the deformation is restricted to the basal ultramalic sequence. Neyens (1986)
and Moll (1981) maintained that all gabbros are plastically deformed whereas Mercier

(1977) interpreted all deformation as magmatic.
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The along-strike variation in the lithology of the the transition zonc is consider-
able, 3s appears typical within and between the other massits of the BOIC (Casey ct al.
1981, Karson et al. 1984, Karson and Elthon 1987) and tor other ophiolites, ¢.g. Oman
(Lippard et al. 1986, Nicolas et al. 1988a).

As it 1s impossible to define a type section through the transition zone, the pres-
ence, extent, and age of faults in this area is highly speculative. A conservative
approach is thus taken and only in one area is a faulted Moho suggested. In this section
on the western side of TM (Fig. 2.8e). mantle harzburgites change aleng a sharp hitho

logical, structural, and morphological break into unlayvered gabbros.

2.4.3 Lithology of host peridotites and foliation-parallel banding

In this section the lithological variation (mineralogzy, grain size) of the host per-
idotites i1s Jescribed. The description includes the, typically repetitive, banding which iy
paralle! to the foliation or, in areas of folding, oblique 10 it. Cross-cutting pyroxenite
dykes and dunite bands obligue to ihe foliation and lithological banding are described in
section 2.9.

(Structural) units 1 and 2. Massive dunites with minor wehrlites occur below crus-
tal gabbros or ultramafic cumulates within structural unit | and 2 (Figs. 2.1, 2.8). The
dunites contain very fine grained spinels ( < Imm) and rare spinel scams (Pl 1b) or
spin2l-rich zones parallel to the foliation. Wehrlites or plagioclase wehrhites occur as
rare banding parallel to the foliation (for occurrences see Fig. 2.1). The dumte/wehrhite
thickness on the eastern limb varies from approximately 500 m in the south to less than
10 m in the north (Fig. 2.8¢); on the western limb, the thickness ranges from 400 m to
zero. On the eastern limb, the dunites are largely restricted to structural unit . On the

western limb. the dunites are affected by the deformation pattern characteristic for unit

]




In several areas on the eastern limb. gabbroic and layered ultramafic cumulate
lenses appear 1o tloat within massive dunite. The bodies are typically some tens of
metre large and are cut by (cpx-) bearing dunites. These occurrences have previously
been interpreted as slumps of ultramafic cumulates (Girardeau and Nicolas 1981,

Neyens 1986). Here, they are considered to be an integral part of the dunite sequerce.

The transition trom massive dunite to mainly harzburgite occurs typically over
less than 50 m through a progressive increase 1n the abundance of the harzburgitic
banding (Pl. 1d). On the eastern limb, the transition nearly coincid2s with the structural
transition between unit | to unit 2.

Near the dunite/harzburgite transition. discrete, foliation piirallel, repetitive, cli-
nopyroxenitic banding is locally observed in dunites and harzburgites (for location, see
Fig. 2.1). Locally, the banding is plagioclase-bearing. The typically 1-3 mm, rarely 5
mm wide clinopyroxenitic bands have unusually abrupt contacts compared to the more
subtle mineralogical variation between opx-rich and opx-poor banding prevailing
further down-section (e.g. Pl. 1g). In one instance. onc of several parallel bands was
seen to change its orientation and cut across the others (Fig. 2.9a). In another location,
the foliation-parailel, clinopyroxenitic bands are terminated by lherzuiitic peridotite (Pl.

le).

Harzburgites below the dunites are typically cpx-rich and may contain very minor
wehrlite bands parallel to the foliation. The cpx content decreases gradually down-sec-
tion within unit 2. a trend which continues into unit 3 and 4. Grain sizes for pyroxenes

are 0.5 to 1 mm, i.e. fine grained. Spinel is very fine grained. A few larger crystals of

opx reach 1.5 mm. The coarser grain size becomes more common towards the base of

the unit. Coarser grained harzburgites also occur in outcrops near the nerthern siope of

the massift.




Fig. 2.9 (facing page). Sketches of field relationships occurring within unit 2.

(a)Repetitive clinopyroxenitic banding in which one of the layers chan_es its
direction and intersects the other layers.

(b)Foliation within lherzolite (dotted lines) which is slightly folded along a
:ross-cutting orthopyroxenite. The lherzolite contains isoclinally folded cli-
ropyroxenite bands. The preferred interpretation for this relationship
involves early dextral shear causing the asymmetric fold in the
orthopyroxenite. Later, sinistral shear occurred. using the same flow plane
as during dextral shear. As a result. the foliation became slightly folded
("flexure-fold") near the cross-cutting orthopyroxenite.

(c)Complex dyke intersection pattern occurring in harzburgite. Numbers indi-
cate relative age of formation with | = early: attitudes are giv2n in par-
entheses in dip-direction/dip format. [1] - foliation parallel to lithological
banding (325/45); [2] - dunite with central, discontinuous websterite
(290/76). [3] - orthopvroxenite with narrow, diffuse dunitic margin
(70/50): [4] - orthopyroxenite (350/55), which is resorbed and transformed
into dunite in the vicinity of [5]. Note that orthopyroxenite is asymmetri-
cally changed into clinopyroxenite (indicated by small circles) next the
dunite; [5] late dunite (325/62). Notable is that the angle between the
foliation and the dykes does not seem to correlate with the age of the dyke.
Such a correlation would be expected during synkinematic dyke formation.

(d)Three generations of dunite occurring within harzburgite. Early dunite (du
1) is part of the lithological banding and parallel to the foliation (dotted
line). Intermediate age dunite (du 2) cross-cuts the banding but is itself
intersected by an orthopyroxenite dyke (vertically ruled). The latter one is
partially resorbed next to the late dunite (du 3).
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Within unit 2, lithological banding is defined vy dunite bands (up to 10 ¢m wide)
or by a subtle variation in the pyroxene content of the harzburgites/therzolites. Duritic
banding contains locaily cpx grains. Very thin (1 mm wide) clinopyroxenitic bands are
also present and occur parallel or oblique to the foliation. Towards the base of the unit,
opx-rich banding, typical for unit 3. becomes more abundant than dunitic banding.

Unit 3. The gradual disappearance of cpx continues down-section within unit 3.
Most peridotites are harzburgites with only 0-2% cpx. Banding in peridotite is predomi-
nantly (olivine-) orthopyroxenitic and ranges from abrupt mineralogical changes
reminding strongly to dykes intruded into peridotite (P1. 11) to an extremely subtle

variation in the opx/olivine ratio (Pl. 1g). Dunitc banding is only local importance.

Patchy or tlaser-shaped dunitic arcas appear where the average modal percentage
of opx drops below 15% (Pl. 1h). The grain size of opx ranges from 1-2 mm, spinels
reach | nim. Scattered outcrops of coarser grained harzburgites (opx grains up to S mm
in size) seem to occur in a central band within unit 3 (for location see FFig, 2.1). Gen-
erallv in opx-rich bands, the grain size tends to be coarser. Coarse opx grain sizes are

also encountered near the base of unit 3 on the western limb.

Unit 4. The contact between units 3 and 4 is lithologically entirely gradational.
Orthopyroxene-poor harzburgites, apparently associated with an increased abundance of
dunite bands. are common in the southern, basal part of unit 4 (Fig. 2.1). Orthopyrox-
ene grain sizes are generally in the | to 1.5 mm range. Coarser harzburgites (opx <2.5
mm) appear locally as ditfuse zones or bands. Occasionally, opx grain sizes change
abruptly along with variations in the modal proportions of opx and olivine. Coarser
grained opx is then associated with lower modal amounts of opx. This feature is more
common in unit 5. The coarser graincd bands are apparently also of higher strain as

indicated by a stronger developed opx fabric.
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Within the transnionat unit (TU). the grain size increases 10 an average of 1.5 to
2.5 mm. In the north, where the TU is very broad and the structural unit S is poorly

developed, the base of the TU is lithologically very similar to unit 5.

Unit 3. Harzburgites of unit § are enriched in opx and cpx compared to the

overlying unit 4 and TU. The modal volume of pyroxene may be up to 40%. The litho-

logical change is most rapid in the south, where it occurs along a mylonite zone,
whereas it is gradational elsewhere. Orthopyroxene is largely unrecrystallized with an
average grain size of 2-3 mm, but reaches up to § mm. Grain size and cpx content
increase down-section. Lithological banding in peridotite is orthopyroxenitic to web-
steritic and varies from distinct to diffuse (P1. 2a). Remarkably, following along the
strike of the banding (Fig. 2.3), the rocks become progressively more depleted in
pyroxene from station 1079 -> 757 -> 1143 -> to 1141 (see Map 3 in enclosures for
station locations). The depletion trend can also be demonstrated geochemically (section
5.8). The overall appearance of the rocks is homogencous with a near absence of
cross-cutting dykes and lack of dunitic patches; lithological banding in peridotite is,
however, common. The appearance of the rocks is darker (see also Riczio 1976) and

pyroxenes weather out with positive relief.

Unit 6. Peridotites of unit 6 are mainly lherzolites, minor harzburgites and very
rare dunites which appear concentrated in shear zones. Amphibole-bearing ultramafic
rocks occur in small scale shear zones and within the basal ultramylonites. Ariegites (=
spinel-websterites) described by Church (1972) are located just above the metamorphic

sole in the well exposed southeast corner of the massif.

The peridotites are pyroxene-rich. The coarse opx grains (2-7mm) have been vari-
ably reduced in size by recrystallization or they are moderately to extremely flattened.

Banding in peridotite is clinopyroxenitic, websteritic and orthopyroxenitic.
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2.5 FABRIC
2.5.1 Introduction

In this section, the term fabric is restricted to the development, sirength, and
orientation cf the mineral shape fabric of the penduotites, i.e. foliation and lincation
defined by the constituent mineral grains®. The development of the foliation (S) may be
stronger, equal, or weaker than the lineation (L). This is expressed as S>1., S=L, or
L >S fabrics, respectively. "Equal” strength of foliation and lineation can be mathemat-
ically defined in the Flinn Diagram as

(L=e)/(1 e )
C(lro )/(1-0.)

A o=

where €, €., and ¢, are the three principle extensions in the finite strain ellipsoid
(ct. Fig. 6.4 for the two-dimensional case) and k > | indicates L >SS fabrics. k<1 indi-
cates S > L fabrics (e.g. Ramsay and Huber 1983). For the purpose of field mapping.
the L-S nomenclature is used, however, in a purely qualitative way following a visual
estimate of the relative strength of foliation and lineauon.

In the field, a distinction was made between single minerul fubrics and uggregate
fabrics. In the case of single mineral fabrics, each grain has a preferred dimensional
orientation which is parallel to the overall fabric. For aggregate fabrics, an alignment of
several neighbouring grains defines the fabric. As each of the three phases used for the
fabric determination (spinel, opx, cpx) behaves differently during hith temperature

deformation, combinations between single and mineral aggregate fabrics are possible.

*A preferred orientation of the crystal lattice of minerals is reterred to as crystallo-
graphic or larrice fabric.




Mineral-defined foliations and lineations can be good first approximations of the
flow plane and flow line in peridotites (Nicolas and Poirier 1976, Bouchez et al. 1983).
The flow-related fabrics are determined microscopically with the preferred crystallo-
graphic orientation of olivine as determined by universal stage analysis. As the
load-bearing phase in most harzburgites and lherzolites, olivine determines the flow
behaviour of the rocks. The derivation of the flow fabric f~om the mineral shape fabric
is, however, not necessarily straightforward in peridotites, particularly because the oliv-

ine shape fabric is not visible in the field.

Flow-retated mineral shape fabrics in peridotite (i.e. kinematically significant
foliations) are difficult to define where an opx pull-apart fabric is developed (Nicolas et
al. 1971, Darot and Boudier 1975, Girardeau 1979, Suhr et al., in press). In this case
the long axes of single opx grains are oriented at a high angle (typically normal) to the
tflow plane of the peridotite. However. a second foliation closely related to the flow
plane can be defined as (i) the normal to the elongation of the single opx grains; (ii) an
aggregate fabric of several pull-apart grains; (iii) the cleavage orientation of opx grains;
or (iv) the alignment of single and aggregate spinel and cpx grains. Option (iv) is con-
sidered most reliable. Where none of the methods yields a reliable result, olivine petro-

fabric work can be performed on oriented specimens.

The variation in the lineation attitude found in this study is significantly larger and
more domainal than reported previously (Girardeau and Nicolas 1981). The foliation

orientation, on the other hand, is quite stable and compares favourably with the data of

Girardeau and Nicolas (1981).




2.5.2 Description

Unit 1. The fabric within the massive dunites of unit | is a single as well as an

aggregate spinel fabric. It changes over a short distance trom S > 1. to LL.> 8. Where
present, cpx (weak single fabric, stronger aggregate tabric) and plagioclase (single and

aggregate fabric) define planar and iinear elements paraliel to the spinel fabric.

Foliation and lithological banding are invariably parailel. Foliation auitudes
change frequently. In the central part of the unit, they are at high angle to the major
lithological contacts and detine an overall sigmoidal pattern. I*ue to poor exposure, the
data base for this pattern is somewhat weak (compare Fig. 2.3 with Map I). On the
stereonet (Fig. A2.1) a partial great circle couid he present with a best it axis (BFA) of

327/50. This axis iics close to the mean stretc:iing lineation (285/67)(Fig. A2).

Contact relationships with overlying gabbros and ultramafic camulates are poorly
exposed. Particularly in the south of the castern limb, the gabbroic rocks appear to be

internally faulted (Girardeau 1979, Neyens 1986).

Unit 2. Fabrics within unit 2 are moderate to strong, and [.>§ to L=8§. They are
typically of aggregate nature. Microscopically. however. spinel defines a good single
mineral fabric. Discrete bands or lenses of cpx are common and are parillel or at an
oblique angle to the foliation. Apart from one station within unit 2. toliations are inva-
riably parallel to the banding. Along the contact between units | and 2 near station
1324 (Map IlI), the fabric of unit 1 swings through 90 and becomes parallel to that of
unit 2.

Whereas the fabric is exceptionally regular in the north of the castern limb with
moderate to steeply westnorthwest dipping foliations (steepening towards the Moho)
and shallow lineations, folding on a 100 m-scale can be inferred from the orientation

data towards the. south (Fig. 2.3). Mesoscopic foids are absent. Lincations (mean
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021/08, Fig. A2.2) lie close to the calculated BFA of the foliation distribution (228/19,
Fig. A2.1). Folding is not obviou on the western limb (Fig. A2.3). No new, axial pla-
nar fabric development is observed in tolded areas. Locally, mesoscopic, flexure-lik.

folds of the foliation are observed along crosscutting dykes (Figs. 2.3, 2.9b, Pl. 2e).

Basal gabbros and layered ultramafic cumulates appear to be largelv part of struc-
tural unit 2, at least in the norther 1 part of the massif (Girardeau and Nicolas 1981,

Neyens 1986).

Unit 3. On the castern limb of the synform. the transition of the fabric from unit 2
into unit 3 is, apart from a change in the lineation trend trom 021/08 (unit 2) to a mean
of 339/33 (unit 3. Fig. 2.2, A2.2). cnurely gradual. Or the western limb. however, the
change in the orientation of the stretching lincation (Fig. 2.2, Fig. A2.3, A2.4) is
accompanied by: (1) a notable increase in the opx grain size: (ii) a aeaker fabric aspect;

and (iii) a more depleted chemistry of the constituent mineral phases (see chapter ).

The average strength of the fabric of unit 3 is weaker than that of unit 2 and S=L
to S >L. It is predominantly of aggregate nature. Spinel fabrics are generally weakly
developed. Orthopyroxene pull-apart tabrics are very common, especially where the
modal abundance of opx is low « < 15%). Within the western limb. foliation and linea-
tion are best defined as an S=L single mineral spinel tabric. An axial planar fabric is

developed where the banding is folded.

The mean foliation attitnde of unit 3 (eastern limb) is 313/31 (Fig. A2.1), i.e.
dips more gentiy than in unit 2. In the Winterhouse Brook Canyon area, the strike of
the foliation swings 40° clockwise and dips towards 340°. In other areas, particularly
above the contact of unit 3 to unit 4 in the northern part of the massif, the macroscopic
fabric becomes extremely poorly developed. This occurs typically in areas where the

banding and (?) the foliation is folded.
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Anotker aspect of the fabric is the occurrence of opx-stringers with an 1.> S fabric

which occur at an oblique angle to the foliation. They may be isolated or in groups, tn

which case they are subparallel to each other. Their OngIn remains enigmatic.

Unit 4. Foliation: within unit 4 are L =S and dip gently to the northwest (mean
333/27, Fig. A2.1). The lineation plunges very gently 1o the northeast ¢mean 042,11,
Fig. A2.2). This orientation is distinct from that of unit 3. The fabric development
ranges from poor to mylonitic (Pl. 2b) and is axial planar to folds. My lonitic fabrics are

rare in the south, abundant in the north. The strain distribution is therefore heterogen-

€ous.

The mylonites are zones of high strain which are typically a few metres wide or
have poorly defined. diffuse boundaries. They are subparal’l to the host fabric and
have a sinistral geometry. Characteristic for the mylonites are roand, one to several
millimetre-wide "knobs" which stand out with high relief and have a somewhat brighter
yellow brown colour than the rest of the olivine matrix. Microscopically, they can be
1dentified as aggregates of unserpentinized areas of fine grained olivine. The high stra:a
aspect of the mylonites is locally reflectad in stretched dunite lenses. Low strain harz-
burgites are identical to those of unit 3 and appear in some instances to preserve rem-
nants of the lincation orientatior of unit 3. Intermediate strain fabrics are characterized
by faint, darker ridges representing accumulations of fine grained opx grains along the
foliation planes.

Transitional Unit (TU). In the area between unit 4 and S (i.e. the TU), fabrics are
moderace 1o strong and range from L > S to S>L. Planar fabrics dominate. In general,
the strength of the fabric can be correlated with the degree of lithological change: high
strain prevails in areas of rapid change towards less depleted rocks of unit S (in the
south of the massit), whereas low strain dominates in the area of very gradual lithologi-

cal transition (in the central part of the massif). Foliations dip very gently (mean
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313/19, Fig. A2.1). lineations trend nearly east-west (mean 249,00, Fig. A2.2).
Particularly in the northern part of the massif. the fabric is commonly inclined at

10-50° to the lithological banding, though mesoscopic folds are notably absent.

Unit 3. The fabric within unit 5 ranges from S=L1to S>L. It is of average
strength in the upper part (comparable io unit 3) and poor in the lower part (P! 2c¢).
Pyroxene grains are typically equant or show pull-apan structures. Aggregate pyroxene
fabrics are weak. The rabric orientation in opx-rich rocks could not always be deter-
mined. In the upper part of the unit, spinel is the best indicator for the fabric orienta-
tion. The mean foliation his an attitude of 317,67 (Fig. A2.1) and a mean lineation of
208/55 (Fig. A2.2). The fabric orientation is typically oblique to the lithological

banding.

Unit 6. The .nternal structure of unit 6 is complex and can best be studied in the
well-exposed southeastern corner of the raassif. The following classification is sug-
gested. An eurly high sirain fabric is oriented at a high angle between the regional con-
tact of the metamorphic sole and overlying peridotites. This early fabric is transposed

into a larer high sirain fubric which is subconcordant to the metamorphic sole. The

undisturbed tectonic contact with the metamorphic sole is marked typically by an

wltramvlonite. Local, small scale, umphibole-bearing shear-zones (see section 2.7.2)
occur in a zone located several hundred metres above the metamorphic sole. Late
thrusting along brittle faults led to juxtaposition of various parts of the basal ultramafics
(unit 5 and 6) and the metamorphic sole. Due to the superimposition of several gener-
ations of ductile shearing events. strain within unit 6 does not increase homogeneously

towards the metamorphic sole.




In the early high strain fabric. the foliations and lincations are moderately to
strongly developed and S > L. The mean orientation of the foliation is poorly defined
(Fig. A2.1"6,,", where LS stands for relatively lower strain), lincations mostly plunge

gently to the nonthwest (Fig. A2.2 "6,.").

In the SE part of th: massif, the later high strain zones transpose the carly high
strain fabric with an apparent component of sinistral shear. Orthopyroxene ribbon
grains occur trequently (Pl. 2d). Foliation orientations cluster well around the mean of
3a5/41, Fig. AZ.1 "6,". wherc HS stands for higher strain)), but lineation trends are
not well constrain. d (¥ - A2.2"6,."). The trend of mineral stretching lineations

appears to change aionyg strike of the high strain zones.

Ultramylonitic rocks .ire developed in several sections directly above the meta-
morphic sole. In several sections through the cont et of the peridotites with the meta
morphic sole, high strain rocks grading into ultramylonite are deflected sinistrally (in
plan view) towards parallelism with the sole. The ultramylonite thickness is less than 3
m. A subtle banding of the ultramylonite defines the fabric. Foliations dip moderately
to steeply to the northwest (mean 329/53. Fig. A2.1 "6,,"). lineations plunge gently to

the northnortheast (mean 025/08, Fig. A2.2 "6.,")

Along the northern margin of the massif. a sliver of high strain peridotites is
exposed in contact with amphibolites. The high strain peridotites are faulted against
lower strain peridotites of the TU and unit 5 to the south. Within the sliver, the high
strain peridotites show northwe-t-dipping foliations which are variably overprinted by
steeply dipping, E-W striking high strain zones with dextral shear sense. Because of the
faulted nature, the arca is presented in separate stereonets (Fig. A2.1 “6.,", A2.2

"6").
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2.6 FOLDS OF THE LITHOLOGICAL BANDING

2.6.1 Introduction

Within all units, the lithological banding is folded to some extent. The scale. type
and origin of these folds vary considerably from unit to unit. Folds which affect both
the lithological banding und the foliation have already been described in the previous
section. Folds associated with shear zones are described in section 2.7.2.

FFold asymmetries of mesoscopic folds of the lithological banding are determined
in down-plunge view. Fold axes of usymmetric mesoscopic folds generally plunge to the
southwest, west, or northwest and are - in contrast t0 what is common in peridotites

(Nicolas and Boudier 1975) - nor parallel to the stretching lineation.

2.6.2 Description
Mesoscopic folds of the lithological banding develop progressively down-section

from unit 2 into unit 3. They are absent in unit 1. The intlection point™ of asymmeltric

folds is typically intersected by pyroxenite dvkes. suggesting that the folds formed
along the dykes after intrusion of the dykes.

As viewed progressively down-section, the folds develop trom rare, weak S-flex-
ures within unit 2 (P, 2e) through S-asymmetric (or south verging) tolds (Pl. 2t) into
open, M-like folds of unit 3 (Pl. 2g). The open folds may tighten locally to become
nearly isoclinal. The relationship is interpreted to retlect folding of the peridotites along
(rheologically competent) dyke planes during sinistral shear (i.e. the upper block moves

southward). Exceptionally, folds are sheared oft along the pyroxenite dykes. The fold

“The point where the sense of the curvature changes.
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style is generally, parallel but may become weakly similar tor ughter folds. Folds asso
ciated with high strain zones in the Winterhouse Brook arca are nearly isoclinal and of
more similar style (section 2.7.2).

Within unit 3. poles to the litholog-val banding torm a good great circle distribu-
tion (Fig. A2.5) with a BFA of 27933, This value corresponds well 1o directly
measured fold axes (mean 283,29, Fg. A2.7). The latter data spread from shallow
southwest to shallow northwest plunging. As the mean stretching lineation for unit 3 iy
339/33. the data may reflect initial transposition of fold axes formed at high angle to

the stretching lineation towards the flow line.

With the exceptinn of the tlexure-like folds of unit 2 and the top of unit 3, axial
planar foliations are clearly developed w.th the folds. It appears that the axial planar
fabric develops progressively with the intensity of the tolding. The shape tabric in the
inmediate vicinity of the dyhkes. i.¢. in the inflecion area of the folds, is often weaker
than further away from the dyke. This is probably duc to a combined cffect of: (1)
destruction of the host fabnic during reaction with the melt of the dyke at the time of
intrusion®; (i1) the abundant development of opx pull-apart tubrics in harzburgites near
the dyhes.

As expected. the mean orientation of axial planes in umt 3 (Fig. A2.6) is parallel
to the foliation. A few, very steep axial planes are restricted (o an arca where the foha-
tion becomes retolded. This refolding can best be demonstrated from the weak partial
girdle distribution of the axial pianes about a mean axis of 26528 (Fig. A2.6).

Within the Winterhouse Brook area, refolding of an carly generation of tolds by

the S-asymmetric folds occurred. The early-generation folds are tight or isoclinal

*A reaction between orthopyroxenites and host harzburgites can be chemically demon-
strated (see chapter 5).

55




Z-folds (PI. 3a.b; see also Fig. 19 in Calon et al. 1988). Their fold axes could only
rarely be determined. but they appear to plunge shallowly to the west (Fig. A2.8). The
folds shown in Pl. 3b are interpreted as Z-folds formed by dextral shear which were

subsequently affected by sinistral shear to cause the rotation of the hinges.

Within unit 4, open folding of the banding is common in the south, whereas tight
to isoclinal, similar style folds prevail in the central and northern pan (Fig. 2.3). The
ughtening of the folids appears therefore related to the northward wedging of unit 4,
‘The thinning of unit 4 to the north as seen in the map s, however, cxaggerated by a
topographic etfect.

The banding defines a good great circle distribution with a BFA of 279/27 (Fig.
A2.5) parallel to the mean of individually measured fold axes (269/21, Fig. A2.7).
Fold axes parallel to the stretching lineation also occur and are associated with isoclinal

foids in the central part of unit 4.

Within the TU, the fold style dominating in unit 4 should grade into the one domi-
nating in unit 5 (see below). From the available data. it is pot possible to deduce a uni-
form deflection pattern between both domains (see Map 1). Mesoscopic folds are
extremely rare in the northern part of the TU, though the banding is often oblique to
the foliation. In the south, where folds are more common, they range from buckle to
similar style and open to isoclinal (Pl. 3c.d). The partial girdle distribution of the band-
ing indicates a BFA of 29225 (Fig. A2.5), consistent with individually measured fold
axes (Fig. A2.7).

Unit §. The map pattern of the lithological banding within unit S appears to define
a large scale synformal structure (Fig. 2.3). The foliation is typically oblique to the

banding. Mesoscopically, the pyroxenitic banding shows abundant buckling (P1. 3e).

The buckling is more pronounced in distinct, rheologically competent banding com-

pared to the more ditfuse banding. The small scale buckling of the banding is locally
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also present wi the TU. The axial planes of the buckle folds appear to be parallel o the

foliation. Tight to isoclinal folds with axial planes purallel 1 the regional trend o the

banding have also been obsenved (Pl. 3f).

Within unit 6 no mesoscopic folds of the banding are present. Curvatures of the
foliation and banding ure interpreted to retlect deflections caused by shear zones (see
27.0).

2.7 SHEAR ZONES
2.7.1 Introduction

On a larger scale. most of the units themselves represent some kind of a shear
cone. For the purpose of this section, shear zones are defined as zones of high strain,
the formation of which outlasted tae deformation of the host rocks. Boundaries to the
host peridotites are generally well defined. Thie local shear zones described in this see-
tion are identified by a rabric development distinct from (he host rocks and/or by the

presence of deflection patterns of host fabrics.

2.7.2 Description

Unit 2. in the southern part on the eastern limb, the fabric pattern within unit 2 is
complex (Fig. 2.2, 2.3, Maps | and 2). Foliations are detlected and lineations plunge
very steeply. The pattern could result trom a steeply south-dipping shear zone. The
situation is difficult to evaluate, as the appearance of the tabnic of this zone is indistin-
guishable from that ot the surrounding rocks. This suggests an carly, high temperature
origin. The early nature of :he shear zone is supported by the fact that later
cross-cutting dvkes (orthopyroxenites and dunite bands) appear unattected by the sus-
pected shear zone whereas foliation-paralle! dunite banding 1s detlected into the shear

zone. Stations from this area are not included in the stereographic projecuons of unit 2.
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Within unit 2 and the upper part of unit 3, isolated occurrences of late shear zones
with a flaser-fabric have been observed. The type occurrence is station 1136 (Map 111).

Microscopically the anastamozing tabric is dominated by amphibole.

The Winterhouse Brook area of ynit 3 is the site of diffuse to well-defined. high
temperature shear zones. Stations covering these shear zones are singled out as "unit
3,s". The average attitude of the fol ation of the shear zones is somewhat steeper than
that of the host fabric (mean foliation 334/59, mean lineation 008/48, Fig. A2.1, A2.2).
The fabric tends to be L>S. Close to and within the shear zones, t: ;ht to isoclinal folds
of more similar style are developed (P1. 3g). In some cases, the presence of shear zones
1s supported by detlection of orthop: roxenites into the high strain zones (see Fig. 18 of
Calon et al. 1988). Outside the shear zones, the orthopyroxenites within unit 3 are

boudinaged, but not folded. Fold axes within the shear zones are at various angles to

the stretching lineation (Fig. A7). [n one location, a very weakly deformed orthopy-

roxenite occurs as a lens essentially confined to the shear zone, supporting a synkine-

matic origin of the dyke during the iast stages of movement.

Diffuse zones of L>S fabrics occur throughout the Winterhouse Brook area. It
appears possible that strain related to these shear zones is more widespread than sug-

gested by the few, well-defined shear zones.

Within the basal unit 6, several generations of shear zones overprint each other.
Apart from local, amphibole-bearing shear zones, these have been described previously
(section 2.5.2). The amphibole-bearing shear zones are typically only a few centimetre
wide and have an anastamozing geometry (Pl. 4a,b). They occur in a zone several
hundred metres above the metamorphic sole. One more prominent. 1-2 m wide, amphi-
bole-bearing shear zone strikes more consistently northwest-southeast and contains a

northeast-dipping lineation.




2.8 SHEAR SENSES

2.8.1 Introduction

Shear senses can be deduced from field relationships and microstructural studics.
The advantage of the microstructural method used in this study (see section 1.5) lies in
its applicability to each olivine-rich peridotite sample deformed at high temperatures.
The results of the method are consistent with measurements of oblique olivine fabrics
(van der Wal et al. 1990) observed within some thin sections. The results from the
microstructural determinations are compiled in Fig. 2.4. Field determinations of the
sense of shear are restricted to occurrences of asymnetric folds (e.g. PL 21, asymnet
ric boudins (e.g. Pl. Sa). local or regional deflections of fabrics into shear zones or
other structural domains. or rare tension gashes (I'l. 6b). The use of opx porphyroclasts
for shear sense determinations (Reuber 19821 is considered unrehiable (see section
4.4.4).

2.8.2 Description
Unit |. Field-based criteria are non-existent. Microstructure-based measurements

(5 samples) yield no consistent orientation.

i

nit 2. On the eastern linb, weak, S-shaped flexures of the banding along
cross-cutting orthopyroxenites indicate a sinistral shear sense. One outcrop relationship
of a folded dyke indicates early dextral shear followed by later sinistral shear (Fig.
2.9b). The microstructure-based determinations are mainly dextral (upper block to the
north). The dextral domains extends into the upper part of structural unit 3. Out of 27
measurements, 14 are dextral, 3 sinistral, and 10 are neutral.

Unit 3. Field evidence from asymmetric folds formed in the vicinity of orthopy-
roxenites suggests sinistral movement throughout the unit. Sinistral shear is also

required to explain the orientation pattern of orthopyroxenites (see next section). In the
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complex Winterho...¢ Brook area, early generation folds of Z-asymmetry (see section
2.6.2) indicate an early dextral shear sense that was overprinted and refolded during
sinistral shear. Apart from the top part of the unit. microstructural evidence favours

sinistral movement (8 determinations sinistral, 1 neutral. 0 dextral}.

Unit 4. Simsstral shear is indicated in the field by changes of the fabric attitude
near high strain zones, rotated and attenuated boudins (Pl. 5a) and a few S-asymmetric
folds adjacent to orthopyroxenite dykes. The conclusion is supported by microstructural

data (8 sinistral determinations. two neutral, O dextral).

TU. Field criteria for the dominant sense of shear within the TU are not available.
Also no consistent map scale transposition pattern exists. Evidence from the microstruc-

ture study 1s equivocal (2 sinistral, 2 dextrai. 6 neutral).

Unit 5. Field criteria are not available. The microstructure-based determinations

are not conciusive (two upper block down, three upper block up).

Unit 6. Deflection patterns of markers into shear zones as well as the drag struc-
ture of the fabric into the basal ultramylonite indicate a dominant component of sinistral
shear in map view. Microstructural evidence is ambiguous, .specially considering the
unusual spread of mos zment directions as indicated by the varying trends of the stretch-

ing lineation.
2.9 DYKES

2.9.1 Introduction

Lithologies with planar or curviplanar boundaries obligue to the foliation and
hithological banding are defined as dykes. In areas where folding is suspected and the
charactenistic lithological banding (i.e. repetitive layering) is absent, dykes cannot con-

clusively be distinguished from the banding. Banding-parallel dykes are, by this defini-
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tion, referred (0 as sanding. not dykes. The orientation patterns of dykus are thus

somewhat biased. neglecting dykes which are exactly parallel to the toliation or
banding. Althouzh complex arcas with such ambiguous relationships exist, most sta-

tions allowed the distinction between banding and dyhes.

Foldiag and boudinage of dykes is common and fold-axes and boudin-clongations
were determined wherever possible. In an effort to derive the orientation of pyroxenite
dykes at the time of their formation, i.e. before :ncy werc affected by plastic deforma-
ion. apparently undeformed dykes are singled out in separate stereonets. Criteria used
to select undeformed to weakly deformed dykes are: (1) an average grain size of > 3§
mm (Pl. 4¢), typically coupled with evidence for primary igneous textures (P! 4d) and
a lack of recrystallization feat ires: (ii) absence of folding or boudinage: (iii) primary
dyke reatures such as en-échelon arrangement (PL. 4e); and (iv) high-angle branching of

dykes (Pl. 4f).

Dykes occur as orthopyroxenites, clinopyroxenites and websterites, olivine ort-
hopyroxenites and rare olivine chnopyroxenites and gabbroic/anorthositic dykelets, as

well as dunite bands.

2.9.2 Orthopyroxenite dykes

Unit 1 hosts the widest orthopyroxenite dykes of the whole massif. They reach up
to 3 m in thickness, have sharp margins with the host, locally engulfing host rocks as
sheets or lenses, and have crystal sizes up to 10 cm. They cross-cut all lithologies. The
near random orientation pattern of !/ orthopyroxenite dykes (Fig. A2.Y), similar to the
distribution of undeformed dykes (Fig. A2.10), suggest that orthopyroxenites largely

postdate the plastic deformation of the host.
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Orthopyroxenites within unit 2 occur as several millimetre-, up to 20 cm wide
dykes, most commonly in 2-5 cm range. Grain sizes tend to increase with dyke thick-
ness, but thin dykes with large grain sizes have be 'n observed. Also present are ort-

hopyroxenite dykes with a central band of clinopyroxenite.

The vast majority of orthopyroxenites postdates dunites and clinopyroxenites.
Many dyke margins of orthopyroxenites are somewhat irregular, which could either be
the result of weak deformation-related buckling or could, alternatively, be a primary
feature. Comb-textures occur as well, though they are rare (Pl. 4d). Orientation pat-
terns show two maxima, one steep one (mean 340/76, F.g. A2.9) which is clearly
oblique to the mean foliation (302/49), and a very shallow one. Undeformed dykes
(Fig. A2.10) show a similar oricntation pattern to all orthopyroxenite dykes suggesting
that the overall effect of transposition on the dyke orientation was small. Where boudi-
nage or buckling was noted, the stretching appears to relate to the shallow maximum,

the shortening to the steep one (Fig. A2.9).

In localities where several dyke gencrations are exposed. no clear relationship
exists between the age of the dykes and their relative orientation to the foliation (Fig.
2.9¢), supporting a relatively late emplacement age of the dykes with respect to the

detormation.

Within the lower part of unit 3, orthopyroxenites are considerably more deformed
than within units ! and 2. Dykes are typically boudinazed, rarely buckled. and the
grain-size for the deformed dykes lies between 1-2 mm. Primary features such as
en-échelon arrangement (Pl. 4e), branching of dykes (Pl. 4t), or even attenuated dyke
tips related to propagation cracks are locally preserved in steeply dipping, undeformed
dykes in the upper section of unit 3. The maximum dyke width is approximately 50 cm,
2-5 cm are more typical. Reaction between orthopyroxenite dykes and the host perido-

tites. particularly any clinopyroxene-rich bands. has been observed (Pl. 4g).
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The distribution pattern of the orthopyroxenite dykes shows a point maximum

which tails off into a partial great circle with a BFA of 256/25 (Fig. A2.9), i.e. perpen-

dicular to the stretching lineation of the unit and 4 mean attitude 1321/48) ncar the aver-
age foliation plane (313/31), but somewhat steeper (Fig. A2.9). A weak sub-maximum
correlates with the orientation of undeformed dykes (mean 159/71. g, A2.H0). The
orientation of undeformed dykes of unit 3 correlates well with those of unit 2. Boudi-
naged dykes and dvkes causing inflections and S-folds of the banding are restricted to
orientations close to the foliation (Figs. A2.11, A2.12). Fold axes of buckled dy kes
show a considerable spread with a mean direction of 250/25 (Fig. A2.13), i.c. perpen-

dicular to the stretching lincation of the unit.

Boudins are lens-shaped and of chocolate-tablet tvpe (Fig. 4h). They tend 10 be
elongated perpendicular to the stretching lineation of the host rock. Orientation data of
the clongation of boudins show a maximum normal to the stretching lineation and a tail
leading towards the stretching lineation (Fig. \14). This is interpreted to be the result
of weak transposition of boudins formed iniiially at high angle to the movement direc-

tion of the peridotite.

The numerous orientatior. data for orthopyroxenites in unit 3 are consistent with
the following model: dykes form in a steep orien:ation at high angle to the stretching
lineation and are then progressively transposed towards the foliation plane during sinis-
tral shear. The shear sense is indicated by the spread of data of all orthopyroxenites
which follows a path of progressively more shallow northwest-dipping dykes. Dextral
shear, on the other hand. would require the presence of numerous southeast-dipping
dykes. The chocolate-tablet type boudins and the S>> L tabric suggest a component of

pure flattening during the deformation.




Virtually all orthopyroxenites within unit 4 are detformed and lie close to the folia-

tion plane (Fig. A2.9). Rotated and attenuated boudins (Pl. 5a) indicate high strain dur-

ing sinistral movement,

Within the TU. orthopyroxenites are similzr in character. but less abundant, than
in unit 4. The orientation pattern (Fig. A2.9) is more diffuse than for uni 4. Within

unit 5 and unit 6 orthopyroxenite dykes are essentially absent.

1.9.3 Ciinopyroxenite dykes and gabbroic veinlets

Clinopyroxenite dykes are extremely rare within ynit 1. Within unit 2, they occur
as one or several millimeire-thick dykelets at small angle to the foliation plane (Fig.
AZ2.16). Note that numerous clinopyroxenites are parailel to the foliation, i.¢. constitute
banding (sce section 2.4.2). In some of the clinopvroxenites. folding can be observed
(Pl. 64) and fold axes are mostly parallel 0 the lineation (Fig. AZ.13,. Clinopyroxe-
nites cut the foliation-parallel dunite banding, but appear to be cut by the oblique
dunites. Thin gabbroic to anorthositic dykelets are very rare and restricted to rezions

directly below the pabbros.

Clinopyroxenites are very rare in unit 3, 4, and the TU. Within unit 3, they have

been obscerved as zigzag folded dykes (probably related to dextral shear) »nd in the

centres of boudinaged orthopyroxenites. In the northeastern part of the massif. clinopy-

roxenites occur in the basal TU. The clinopyroxenites occur as a widely spaced swarm
of dykes which crosscuts the banding. Further up-section, banding-paraliel

clinopyroxenites have been observed.

2.9.3 Olivine orthopyroxenite dvkes

Pegmatitic olivine orthopyroxenites occur locally within units 3 and 4, and are

most abundant within the TU. In some localities, they are only weakly deformed. The
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dykes are typically 10-20 cm wide and in their least deformed state show pegmantic

opx grains (Pl. 5b, see also Fig. 17 in Calon et al. 1988) separated by a matrnx of oin
ine and up 10 3 mm large spinel grains. Comb textures appear to have been present
before the overprint by plastic deformation occurred. Extreme structural transposition
of these dykes would lead to tormation of a harzburgitic rock. The orientation pattern s
distinct, forming a great circle distribution with a BEA of 20410 in the TU (Fig.

A2.15). Dykes with steeply dipping attitudes tend to be less geformed.

2. 1.5 Olivine clinopyroxenite dvkes

This dyke type is rarc. It has been locails ohserved as pegmatitic olivine-tinopy
roxenite (unit 2) with a similar texture as olivine orthopy roxentte or as buckled dyke in
unit 3. Only within the early high strain fabric of unit 6 do olivine clinopyroxenites
form a distinct group ot folded or boudinaged. up to 40 cm thick. onginally pegmatitic

dykes.

2.9.6 Dunite pods and bands

Dunites display the widest marphological range ot all "dyke™ lithologies. They
comprise planar and foided bands, clongated or irregular pods with sharp or diffuse
margins. as well as patchy occurrences in harzburgite. In addition. massive dunites are
present in the transition zone (see section 2.4.3). Unambiguous boudinage or buckling
of dunite within harzburgite is very rare and it appears that dunites behaved largely as
competent bodies within harzburgite, as is expected from rheological data (e.g., Carter
1976). Orientation patterns of dunites are biased towards morc prominent, thick
dunites. In most localities. dunite pods and bands predate the orthopyroxenites, as s

also observed in the southern LH (Suhr etal., in press).
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Unit 1. In locations where cpx-, plagioclase-. or spinel-banding is developed in
massive dunites, the banding is commenly intersected by dunite bands. The appearance
of the dunite bands is identical to the host dunite so that in the absence of a banding
within the massive dunites, cross-cutting dunite bands cannot be identificd. In one
instance, the melt asscciated with a dunite band reacted with the host banding to cause a

diffuse depletion zone in cpx and plagioclase (Pl. 1c).

Unit 2. Swarms of dunite bands oblique to the b nding are common within unit 2.
Single dunite bands tend to be not wider than 30 cm, though exceptionally wider bands
have becn observed. Spinels detine a tabric parallel to the host peridotite. The occur-
rence of dunite banding together with cross-cutting dunite bands results in a pe.vasive
dunite network (Pl. 5d). Cross-cutting dunite bands tend to penetrate into pyroxene-rich
banding ot the host harzburgite or lherzolite by preferential replacement of the pyrox-
ene (Pl. 5¢). 1'is obvious that some discontinuous dunite banding i« fermed this way.
Using cross-cutling relationships. up to three dunite generations can be deduced in

some outcrops (Fig. 2.9d).

As minor amounts of cpx are commonly associated with dunite bands and banding
in unit 2, dunites may develop wehrlit.c compositional tendencies. Clinopyroxene in
dunite occurs as tension gashes (Pl. 6b), scattered grams of cpx. Jdiscontinuous cpx-rich
zones (Pl. 5), and as cpx-rich margins ot dunite bands and banding (Pl. 6c). Fig.
A2.17 suggests that there s a relatively pronounced maximum orientation of dunite

bands in unit 2, striking north-south and dipping near vertical.

Unit 3. Dunite bands and pods are less common in unit 3 than unit 2. The shape

of dunite pods may be irregular or was partially to fully controlled by pre-existing ort-

hopyroxenitic banding. The margins of dunites range from very diffuse (Pl. 5h) to
sharp mineralogical contrasts. Some pods contain equant spinels which are several

millimetre-large and show a poor aggregate fabric (Pl. 5h), but in most locations the
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spinels are fine-grained and oriented parallel to the host fabric. In the upper part ot the
Winterhouse Brook Canyon, several large dunite pods are aligned over an area of 400
m in a direction trending N20°E, i.c. at high angle to the foliation trace. The pods are
cut by orthopyroxenites. One sulfide-rich dunite body has been found (Station Y66,
Map 3).

Dunites tend to replace orthopyroxene banding (Pl. 5g). Most dunite bands are
folded together with the banding. However, the ability of dunites to form by replace
ment of orthopyroxene banding makes it difficult to decide whether dunites are actually
folded or are just replacing folded opx banding. Both cases appear to exist. The
distnibution pattern of dunite bands in unit 3 is poorly understood and shows a mean

attitude of 234/88 (A2.17).

Unit 4. In the upper part of the unit. the dunites are morphologically simtilar 10
unit 3, but generally more deformed. In the lower, southem and centra! parts of unit 4
and the associated TU. up to several metre-wide dunites cut steeply through the tfoha-
tion .nd contribute to the formation of the basal depleted zone (Fig. 2.1). Their margins
are diffuse and folded. Microscopically, it can be seen that these dunites contain
scattered opx.

Unit 5. Dunites are rare and occur as isolated bands crosscutting the banding and
reacting preferentially with the distinct, websteritic banding. Some isolated pods are

present as well. Within unit 6, oblique dunites are very rare.

2.10 METAMORPHIC SOLE

2.10.1 Introduction

The mdtamorphic sole of the BOIC represents crustal material accreted to the base
of the ophiolite during detachment (Williams and Smyth 1973, Malpas 1979a, Jainieson

1980, 1986, McCaig 1983). Exposure of the metamorphic sole in TM is gencrally
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limited to 50-100 m below the contact to the mantle rocks. though the preserved thick-

ness of the sole appears to be larger. A notable exception is represented by a thi-k.

bulky thrust belt accreted to the peridotites just to the south of the cross-fault zone. It
was first recognized and assigned to the metamorphic sole by Quinn (1985). Within this
study the sole was ot investigated in the detail necessary to solve the problems of such
a complex metamorphic and structural assemblage. The data presented have to be con-
sidered as preliminary.

The most comnlete sequence of the metamorphic sole in the BOIC is described
from the Pond Point section in southern North Arm Mountain (Williams and Smyth
1973, Malpas 1979a). In this section, local granulites underlie ultramafic ultramylonite.
The granulites grade structurally downwards into (locally gametiferous) amphibolite,
followed by retrogressed amphibolite, greenschist, phyllite and unmetamorphosed sedi-

ments (green, grey, black and red shales, sandstones and tuffs). The tc al thickness of

the metamorphosed rocks is less than 300m.

2.10.2 Description

Nowhere in TM is the metamorphic sole as comprehensively exposed as in the
Pond Point section. However. in the southeastern part of TM, an unfaulted contact
between the peridotites and the metamorphic sole is preserved. In this area, ultramafic
ultramylonites lie directly above fine-grained amphibolites and minor garnet-amphibo-
lites and granulites. Ultramafic and mafic rocks are actually interbanded over a thick-
ness of about 2 m (see also Girardeau 1979, McCaig 1983). The interbanding can even
be seen on a microscopic scale as trails of opx porphyrociasts in a amphibolite matrix.
Directly above this contact, the sequence appears, however, slightly faulted. Exposure
ends 100 m below the contact within amphibolites. McCaig (1983) described a lens of

coronitic metagabbro from approximately 5 m below tle ultramylonites. Foliations in
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the contact area between mafics and ultramafics are unusually steep (near vertical).
Further north along the metamorphic sole, ultramylonites are sull in contact with
amphibolites (separated by < | m exposure gap), but the sequence is faulted 100 m
abov e the contact and poorly exposed below the contact. Structural data from the con-
tinuous belt of amphibolites indicate a mean dip of the foliation of 332/51 and a mean
stretching lineation of 047,04 (Figs. A2.1, A2.D). Oblique, small scale shear sones are

abundant in the amphibolites.

In the central part, i.c. the section where the Shoal Brook cuts through the sole.
high strain ultramatic rocks are underlain by graphitic slates., phyllites and green, grey
and red shales. The weakly to unmetamorphosed sediments are terpreted as part of
the underlying Humber Arm Supergroup. They could, however. also :present the
basal part of the metamorphic sole. as this consists of material derived from the high
structural levels of the Humber Arm Supergroup, i.c. the Blow Me Down Brook Lor-

mation (Cawood. pers. comm.).

The style of the "metamorphic sole” changes dramatically in the north ay is
already indicated by the compicx morphology of the terrain. In this arca, penidotites of
unit 5 are faulted against amphibolites. These amphibolites coniain spessartine - silh-
manite-bearing coticules (metamorphosed manganiferous sediment,). Below another
faulted contact. 150 m of lower strain ultramatic rocks are exposed. Quinn (1985)
described a quartzo-feldspathic gneiss between the amphibolites and the ultramafics. To
the east of the harzburgites. folded. retrogressed amphibolites, epidote schists and
greenschist are exposed in a prominent morphological ridge (locally called "Pic a Ten-
enffe”). Further to the east, more harzburgites, now heavily serpentinized. occur and
are juxtaposed in the east against grey slates. The slates may again be either part of the
Humber Arm Supergroup (which is considered more likely) or constitute another tec-

tonic sliver of the thrust belt.
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To the north of the cross-faults, exposure ends in the early high strain fabric of
unit 6. Rocks exposed on hills to the east were not investigated. They represent vol-
canics of the Skinner Cove Formation (Quinn 1985).

Near the village of Shoal Brook, in the northeastern-most part of the massif, east-
west striking amphibolites are juxtaposed against ultramafic rocks of similar orienta-
tion. The original tectonic position of this sliver is not known. In particular, the E-W

stnke of the fabric is puzzling.

70




3 MICROSTRUCTURE, PART I: TYPE MICROSTRUCTURES

3.1 SUMMARY

The [ ‘esence of several structural domains outlined in chapter 2 suggests that the
conditions of deformation within the mantle section of the TM massif were not uni-
form. Previous work in mantle tectonites has shown that microstructures are a sensitive
indicator of the conditions cf deformation and late magmatic processes. A detailed
microstructural analysis is presented to define the conditions of formation of each of the
structural urits. The terms lithospheric and asther ospheric microstructures are used

according to the definition of Ceuleneer et al. (1988).

Microstructures of unit | are characterized by strong olivine lattice fabrics pro-
duced under asthenospheric conditions. Micron-sized inclusions in olivine are common.
Morphological evidence suggests that clinopyroxene, and locally orthopyroxene and
amphibole, were introduced by circulating melts at a late stage. Particularly intriguing
is a strong opx lattice fabric encountered in one sampie. It must have been produced

during melt impregnation or partial melting.

Within the upper part of unit 2, asthenospheric ¢livine microstructures with strong
lattice fabrics predominate. Orthopyroxene is highly recrystallized. Scattering of opx
and spinel grains indicates high strain. Ciinopyroxene and plagioclase occur as phases
aligned parallel to the foliation and related to melt impregnation. Some annealing of the
impregnations has taken place. Down-section within unit 2, spinel and opx scattering
decreases, opx is less recrystallized, and olivine indicates a weak lithospheric overprint.

Spinel is more irregular shaped and tends to be associated with opx and cpx.

Peridotites of unit 3 show a weak to moderate lithospheric overprint. Orthopyrox-
ene is moderately recrystallized and pull-apart fabrics of this phase are common. Spinel

is intergrown with opx. Up-section, textures transitional to unit 2 occur.
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High strain zones of unit 4 display equigranular to porphyroclastic microstructures
in high strain zones. Peculiar is the local occurrence of shard-like opx grains with a

crystallegraphic orientation incompatible with activation of the opx slip system

(100)[0G1]). Within the low strain zones of the umit. petrofabric data of one sample may

suggest the preservation of a purtial, remnant olivine lattice fabric.

Within unit 5, low strain. asthenospheric structures are locally preserved. Opx is
coarse and only weakly recrystallized. cpx occurs as melt impregnations as well as

larger grains. Spinel is intergrown with smaller opx grains.

Unit 6 displays lithospheric microstructures. Lithospheric overprint varies in
intensity from low to very high. The classic development of protomylonitic. mylonitic,
into ultramylonitic textures can be observed. Particularly impressive are opx ribbon
grains with aspect ratios up to 100:1, as well as lurge, poikilitic spinel grains :nter-

preted as porphyroblasts.

Dunite bodies in the upper part of the mantle section contain interstitial cpx,

whereas those from the lower part preserve isolated opx-spinel intergrowth textures.

Two characteristic upper mantle microstructures occurring in the LH are dis-
cussed. The Springers Hill-type contains characteristic large, massive, isolated, subhe-
dral spinel grains. The Eastern [_H-type displays delicate and several millimetre-large,

cpx-spinel symplectites.

3.2 INTRODUCTION

in the previous chapter it has been shown that the TM mantle section can be
subdivided into several structural units. This suggests the presence of several tectonic
events. Previous work in mantle peridotites has shown that microstructural studies are
well-suited to define the conditions of deformation, i.e. temperature, stress, and accu-

mulated strain (Boullier and Nicolas 1975, Mercier and Nicolas 1975, Nicolas et al.
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1980, Mercier 1985, Ceuleneer et al. 1988). A charactenzation ot the conditions of
deformation is necessary to locate the geodynamic position of the structural units at the

time of formation and thus put important constraints on a general tectonic model pres-

ented in chapter 6.

After a short review of the microstructural characteristics of mantle peridoutes,
rype microstructures of the TM massif will be described and illustrated for each unit.
The type microstructures are end-member microstructures for each unit and as such do
not neccesarily represent the most widespread microstructure within a unit. However,
they are thought to be characteristic for each unit. i.c. represent matenal which has suf
tered a minimal overprint asscciated with deformation of another unit. The micro-
structural variations and trends within each unit in additio: to the type microstructures
are discussed. Two microstructural types encountered only in the ILH mantie rocks will
bz brietly described as a basis for a discussion in chapter 4. Pyroxcnite dykes are not
described. A detailed study of the pyroxenites in the I.H can be tound in Edwards (in

prep.). Dunite banding and bands are only briefly discussed.

In a second chapter on microstructure (chapter 4), the behaviour of the constitu-

ent phases of the peridotites under varying deformational conditions is summarized.

3.3 REVIEW OF MICROSTRUCTURAL CHARACTERISTICS AND DEFOR-
MATION MECHANISMS OF OLIVINE IN UPPER MANTLE PERIDOTITES

The volumetrically dominant phase in mantle peridotites is olivine (60-100%). As
such, it is the load-bearing phase and determines the flow behaviour of the peridotites.
Numerous olivine petrofabric studies have shown that, with the exception of peridotites
displaying the protogranular microstructure and which are restricted to mantle xenoliths

(Mercier and Nicolas 1975; see below), mantle peridotites are highly deformed.
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The major process responsible fo: formation of preferred olivine lattice fabrics in
upper mantle tectonites appears to be dislocation glide. The olivine slip systems under
upper mantle conditions are well studied in synthetic (Raleigh 1968, Carter and Avé
1.allemant 1970, Nicolas et al. 1973) and natural peridc:ite samples (e.g. Nicolas et al.
1971, Boudier 1978, Smewing et al. 1984). In addition, computer simulat.ons present
theoretical support for the postulated formation of crystallographic preferred orienta-
tions during translation glide of minerals (Etchecopar 1977, Etche.opar and Vasseur

1987).

The resuits of these studies suggest that, depcnding on the temperature of defor-
mation, different olivine slip systems are activated (Carter and Avé Lallement 1970.
Goetze 1978, Nicolas et al. 1980, Nicolas and Christensen 1987). At high and very
high (hvpersolidus) temperatures, the olivine slip system (010)[100) is dominant; under
moderate and low temperatures. the pencil glide system (Okl)[100] is activated. In addi-
tion te the system (010)[ 100}, activation of the system (001)[100] is suggested at very
high temperatures (Nicolas and Christensen 1987). It has been reported, for zxample,
by Smewing et al. (1984) from the Oman ophiolite, but also by Mercier (1977) and
Girardeau and Mercier (1988) from "lithospheric” (terin detfined below) peridotites. At
low temperatures, the additional activation of the system (010)[001] (Nicolas and Chris-
tensen 1987) or (110)[001] (Carter and Avé Lallement 1970) was proposed. Due to
high diffusivities at high temperatures, deformation may ‘ake place by only one
activated slip system (Gueguen and Nicolas 1980). A small obliquity between shape and
lattice fabrics is considered as indication of a significant rotational component of strain
(Nicolas et al. 1972, Gueguen and Nicolas 1980, Bouchez et al. 1983). Lattice fabrics

tormed during dislocation glide are related to finite strain (e.g. Nicolas et al. 1973,

Toriumi and Karato 19895).
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Detformation by dislocation glide is typically accompanied by recrystallization (dy-

namic recrystallization). Dynamic recrystallization may result in destruction of grains
of unfavourable orientation for slip coupled with growth of favourably oricnted gramns
and would thus lead to a strong fabric related to finite strain (Bouchez and Duval 1982,
Urai et al. 1986). Recrystallization may occur by subgrain rotation (SGR), grain bound -

ary migration (GBM), or nucleation (tvpically coupled with GBM).

During recrystallization by SGR. the neoblast oricntation is related to the palco-
blast orientation and the new grains are at 20-40° to the old grain. After extensive
SGR. the olivine lattice fabric is somewhat weakened (Avé Lallement and Carter 1970).
Recrysuallization by SGR has been den.orsirated in peridotites (Poirier and Nicolas

1975, Toriumi and Karaio 1985, Girardeau and Mercier 1988).

Nucleation of grains associated wi:h recrystallization has not been convincingly
demonstrated for rocks (Poirier and Guillopé 1979). More recently, nucleation was pro-
posed as mechanism operating in (coaxially) deformed peridotites (Toriumi and Karato
1985). According to these authors, the nucleated olivine grains have their [010] axis
parallel to the direction of maximum shortening/compression. In the mouel of Avé
Lallement and Carter (1970). recrystallization occurs by nucleation and the nuclei
orientations are related to the stress field. In this and later studics (Avé Lallement 1975,
Kunze and Avé Lallement 1981), syntectonic recrystallization is thought to represent a
major process for the formation of preferred lattice orientations of olivine in the upper

mantle.

Lattice preferred orientations of olivine obtained by Karato (1988) indicate that in
peridotites deformed during recrystallization through GBM, grains with low dislocation
densities dominute the lattice fabric as they consume grains with high dislocation den-
sities (deformed grains). The orientation of the low disiocation density grains may be

related to the stress field (Karato 1988, 1989b). During conditions favouring GBM as a
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recrystallization mechanism, the lattice fabric could thus be related to the stress field
and not to finite strain. For T/T, < 0.75 and low deviatoric stresses in dry peridotites
(where T - temperature, T_ - solidus, in Kelvin), the lattice preferred orientation of
olivine in peridotites may be dominated by GBM (Karaiv 1989b). Assuming a solidus
of 1250°C for the peridotites of the TM section (see section 6.4), recrystallization
would occur by SGR for T >870°C. For the TM peridotites. temperatures of deforma-

tion appear to be gencrally above this value (see section 6.3.1).

Diffusional flow of olivine has been reported by Boullier and Gueguen (1975) for
fine grained peridotites and more recently by Cooper and Kohlsted (1986) as an added
deformation mechanism during hypersolidus flow. Theoretical (George 1977), field
(Dick and Sinton 1979). and rheological studies (Goetze 1978. Chopra and Paterson
1981, Chopra 1986, Karato et al. 1986) support a transition from dislocation glide to
diffusional flow dependant on the grain size, stress, temperature, and presence of fluid.
Specifically, Karato et al. (1986) estimated that the transition to diffusional flow occurs
below 0.1 to | MPa deviatoric stress for a grain size of 10 mm. The lowest stresses

measured in the TM section (by microstructure-based piezometry, see section 3.4) lie in

the 10 MPa range. Transitions in deformation mechanisms are predicted in more gen-

eral terms from deformation mechanism maps (Ashby and Verral 1977).

Application of olivine petrofabric studies in combination with other microstructu-
ral observations led to a microstructural classification of peridotites which was based on
spinel peridotite mantle xenoliths. Mercier and Nicolas (1975) proposed the distinction
of three different microstructure types of peridotites and their cyclic behaviour. In the
protogranular microstructure, a very weak lattice orientation of olivine is coupled with
a unimodal olivine grain size and spinel-opx-cpx clusters. Protogranular peridotites are
thought to represent the undeformed upper mantle. Deformation of the protogranular
peridotites will yield a porphvroclustic microstructure of olivine indicated by a bimodal

olivine distribution and strong olivine lattice fabrics. Further deformation produces a
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unimodal, fine grained olivine texture consisting only of neoblasts which are either equ-
ant (mosaic equigranular rexture) or Nattened (abular equigranular rexture). Anncaling
of the equigranular texture leads to coarsening of the equigranular microstructure which
is then similar to the protogranular one. However, spinels, associated with cpx and opx
In the true protogranular peridotites. have become scattered during progressive detor-
mation and will not be able to rearrange into this contiguration during annealing. The
annealed equigranular texture is thus called prorogranular 11 and can be recognized by

scattered spinel grains in an olivine matrix.

Several other classifications using different textural names have been propused
(Boullier and Nicolas 1975, Pike and Schwartzmann 1977, Harte 1977, Mercier 1985)
but nothing significant has been changed in the model apart from the introduction of a

rare poikilitic texture (Mercier 1985) and a fluidal textures caused by superplastic flow

(Boullier and Gueguen 1975).

Based on, and adapted to, the study of ophiolitic upper mantle, Nicolas et al.
(1980) propused a classification of upper mantle tectonites into coarse eg-iant and
coarse porphyroclastic textures, fine porphyroclastic and mylonitic textures. This con-
cept was extended by Nicolas (1986a) and Ceuleneer et al. (1988) 10 include a classifi-

cation into asthenospheric and lithospheric microstructures.

The asthenospheric microstructure is restricted to coarse grained peridotites. It is
characterized by a coarse, unimodal (Ceuleneer et al. 1988) or also bimodal (Nicoias
1986a) olivine grain size and an olivine miciostructure with well defined, high angle
boundaries. In contrast to the protogranular striecture, the olivine lattice fabric is excep-
tionally strong. Features indicative of mclt-impregnation are often, though not necessar-
ily always, associated with asthenospheric microstructures. The asthenospheric

microstructure is assigned to the spreading period of ophiolitic peridotites.
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The lithospheric microstructure is characicrized by abundant undulose extinction,
tightly spaced tilt walls and low angle grain boundaries. The resulting olivine micro-
structure is blurred, as grain boundaries are not well defined. Neoblasts and thus a por-
phyroclastic texture develon from a coarse texture only afier an appreciable amount of
lithospheric strain (Boudier and Nicolas 1978, Nicolas 197%, Karato ct al. 1980, Karato
1984). Peridotites with a low lithospheric overprint may thus still have a coarse, unimo-
dal grain size with, however, a blurred appearance. Significant lithospheric overprint is
assigned to detachment tectonics (Nicolas et al. 1930, Nicolas 1986a). The origin of

lithospheric and asthenospheric microstructures is further discussed in section 6.4,

3.4 PIEZOMETRY

The size of neoblasts, as we'l as the subgrain size and dislocation density are pro-
portional to the applied stress and are independent of the ambient temperature (Mercier
etal. 1977, Twiss 1977, Nicolas 1978). A slight temperature dependence appears,
however, to exist for wet assemoiages (Ross et al. 1980). The neoblast size is the most
stable stress parameter during a later, weak deformational overprint (Mieicier et al.
1977, Nicolas 1978) and is thus preferable for ophiolitic mantle rocks. More than 40%
stra'n is needed to attain a steady state neoblast grain size (Karato e: al. 1980). For
lower strains, the old fabric is preserved or readjustment is partial and, as a result,
meaningless stress values are obtained (Karato 1984). Recent studies concerning the
grain growth rate during static as well as dynamic annealing suggest that grain growth
is exceedingly fast for olivine, specifically for lower temperature/higher stress condi-
tions, i.e. in peridotites where the stored strain energy is high (Karato 1989a). Unless
grain growth is inhibited by impurities, lithospheric microstructures should thus be
rapidly overprinted by grain growth and the stress may be underestimated. Cordellier et

al. (1981) and Nicolas (1986a) emphasized rapid annealing of olivine microstructures
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under wet conditions. Mercier (1985) concluded that olivine microstructures are "in-

appropriate” to estimare steady state stresses because of rapid microstructurai re-equili-

bration.

Several calibrations for the stress dependence of olivine neoblast sizes have been

performed on dry and wet dunites as well as olivine single crystals (Post 1977, Mercier

et al. 1977, Mercier 1980a, Ross et al. 1980, Karato et al. 1980). The data for dry

assemblages are compiled in Tab. 3.1. Threy cluster within a factor of three with the

exception of Mercier's (1980) relationship. The latter one is empirical and based on an

iterred change in the recrystallization mechanism from SGR to nucleation/grain

boundary migration (NGBM) in a mantle xenolith profile with increasing temperature.

More recently, these data have been reinterpreted by Karato (1984) as reflecting the

thermomechanical history of the peridotites and by Avé Lallement {1985) to indicate,

contrary to the assumption of Mercier (1980a). an actual change in the stress conditions

and not in the recrystallization mechanism. Mercier's (1980) relationship is therefore

controversial.

Tab. 3.1: Selected piezometers using the olivine neoblast grain size. The piezometer of
Karato et al. (1980) 1s used in this thesis.

SOURCE

STRESS (o) /GRAIN
SIZE (D) RELATION-

EXPERIMENTAL

RANGE (MPa)

STRESS
CALCULATED FOR

SHIP (o in MPA, D in 100um grain
Hm)
Mercier et. al. 1977 |y. o20p " 30-1000 95 Mpa
Post 1977 o= 9000 Y 80-1600 87 MPa
Mercier 1980a _ 5500 empirical 745 MPa
0% pT
Ross et al. 1980 g= 48100 ¥ 100-1000 128 Mpa
Karato et al. 1980 o=P0R7 DRV 25-150 42 MPa
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A serious problem for piezometers is the extrapolation of data obtained under
laboratory conditions to natural deformation conditions. It is only warranted if the
mechanism for neoblast formation is the same during the experiment and for the natural
assemblages (Nicolas 1978, Poirier and Guillopé 1979). Concerning the olivine nco-
blast piezometer. it is suspected that for stresses o > 200 MPa, the predomnant
recrystallization mechanism is NGBM as opposed to SGR under low stresses (Nicolas
1978). The calibration of Karato et al. (1980) is preferred as it was performed entirely
under conditions of SGR (Tab. 3.1). It tends to yield low deviatoric stress values for a
given neoblast size. Stress determinations in the microstructure sections are based on

the calibration of Karato et al. (1980).

3.5 MICROSTRUCTURES OF THE TABLE MOUNTAIN MANTLE SECTION

All microstructural observations derive from thin sections which are cut perpen-
dicular to the foliation and paraliel to the minerai stretching lincation as seen in the

hand-specimen.
3.5.1 Unit 1

3.5.1.1 Introduction

Within this unit, dunites, cpx-dunites, cpx-troctolites, (plagioclase-) wehrhites, and
cpx-rich harzburgites/lherzolites occur. Massive dunites occurring within unit 2 are
included in this section, as they show no distinct difference from these of unit 1. Due to
the wide lithological variation. four type microstructures are introduced and described

for unit 1.

3.5.1.2 Type microstructure 1A: clinopyroxene-impregnated troctolite

The sample is taken from a plagioclase-cpx rich layer within the central part of the

massive dunites of unit 1. The selected sample (TM 1326, Fig. 3.1) represents a
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cpx-bearing troctolite.

The glivine structure is not shown due to a moderate serpentinization, but appears
to represent a coarse granular structure with a weak lithospheric overprint. The average
grain size is 1.5mm, the lattice fabric appears vcry strong (gypsum plate test). Inclusion
trails in olivine are common.

Spinel occurs as generally small (250um), moderately elongated grains with an
aspect ratio < 3. A few larger gra 1s show serpentinized inclusions. No preferred spa-
tial association with another phase can be rece ;nized for spinel.

Plagioclase occurs as large, elongated, but rather irregular shaped grains. Grain
boundaries towards the olivine matrix tend to be concave, indicating an interstitial loca-
tion with respect to the olivine matrix. Numerous spinel grains and few olivine grains
are enclosed in plagioclase. In one case, spinel encloses a plagioclase grain. The

internal plagioclase structure is not visible as it is altered to hydrogarnet.

An association of clinopyroxene with plagioclase is common, but cpx occurs also
as interstitial grains within the olivine matrix. The interstitial grains may be at high
angle to the foliation (Fig. 3.2f). Partial rims or total enclosure of plagioclase by cpx
are typical. Characteristically, the morphology of cpx towards the olivine matrix is deli-
cate and suggests an interstitial location. The complex external morphology of cpx
excludes an origin of cpx by simple reaction of plagioclase with the olivine-matrix. The
face of cpx towards plagioclase is more rounded than the face towards olivine (Figs.
3.1, 3.2e).

The following interpretation is based on the observation that the shape fabric
defined by cpx is weak compared to that defined by plagioclase and spinel. Therefore,

cpx formed later than plagioclase and spinel. A possible scenerio is that a spinel-bear-

ing dunite containing (interstitial?) plagioclase was deformed and then impregnated with

cpx. Spinel-plagioclase relationships indicate that plagioclase largely postdates spinel.
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Fig. 3.1. Line drawing of type microstructure 1A, representing a clinopyroxene-impregnated troctolite. For all line
drawings the following ornaments apply: black - spinel; heavy outlines with pattern of open circles or heavy dots -
clinopyroxene; light outlines with a parallel, dotted line - plagioclase (internal structure not visible due to alteration); heavy
outlines with dash pattern - orthopyroxene; light outlines which are internally blank - olivine; dotted lines within olivine - tilt
walls; in numerous drawings, olivine grain boundaries are not shown due to alteration; light outlines with hook-pattern -
amphibole (only in Fig. 3.2d); lightly dotted areas - serpentinized. With the exception of Fig. 3.7, the foliation is always

parallel to the scale bar.
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Fig. 3.2. Line drawings showing further microstructural features of unit 1. For ornaments see Fig. 3.1; for details see text.
Scale bar has gradation of 0.5mm. a,b,c - harzburgite; d - dunite; e,f - plagioclase wehrlite.



The melt causing the formation of cpx appears to have been located mainly next to pla-
gioclase or, at least, has not been able to be fully extracted from this site. Deformation

following the formation of cpx was weak.
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Fig. 3.3. Line draWing showing clinopyroxene-bearing troctolite. For ornaments see
Fig. 3.1.
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3.5.1.3 Variations of Type 1A

The sample illustrated in Fig. 3.3 shows relationships similar to the type 1A
microstructure: (i) deformed spinel and plagioclase; (ii) apparently less detormed cpx:
and (i11) preferred association ot plagioclase and cpx. Clinopyroxene occurs also as
foliaiion-parallel trails of irregular shaped grains. Notable are three larger. equant spi-
nel grains with numerous inclusions which could represent original. undeformed grains.
Judging from rare. less aitered patches, rlagioviase is internally recrystallized with a

neoblast size of approximately 100um.

In several other samples, a th.n, optically continuous rim of amphibole occurs
around plagioclase (Fig. 3.2d; see also Himmelberg and Loney 1980). Spinel and cpx
do not show amphibole rims. The constant thickness of the rim suggests a reaction
involving plagicclase. Malpas (1976) described cpx and hornblende as reaction rims

between olivine and plagioclase from the layered cumulates in TM.

3.5.1.4 Type microstructure 1B: asthenospheric dunite with secondary growth

The sample is located in the western part of the massif at the base of the massive
dunites. Plagioclase wehrlite layers are present nearby and are cut by another gener-

ation of dunites. Structuraily, the location is part of unit 2,

This dunite (Fig. 3.4) displays a coarse, well recovered olivine microstructure
with high angle grain boundaries, and poor shape fabrics. It represents a typical asthe-
nospheric microstructure. The rare tilt walls are weli-detined and straight and grain

boundanes are curvilinear. 120° tnple point junctions and poikilitic enclosure of spinel
J po

by olivine are common. Micron-sized inclusions within olivine are very rare. The

deformed state of this sample is suggested by the sirnultaneous extinction of virtually all
olivine grains with the gypsum plate inserted and is demonstrated by the very strong

olivine lattice fabric (Fig. 3.5a). The lattice fabric indicates activation of the (0kl)[100]

85




E*\A BN E" = P

Fig. 3.4. Line drawing of type microstructure 1B, representing an asthenospheric
dunite. For ornaments see Fig. 3.1.
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Fig. 3.5. Stereographic projection (equal area, lower hemisphere) of poles to olivine
lattice orientations (a,b,d) and orthopyroxene lattice orientation (c). Contours in percent
of 1% area, stepped at 1,2,3,4,8, and 16% (where applicable). One percent contour is
dashed. Density maximum is indicated by open square. Foliation is oriented vertically
north-south (straight line), lineation trends horizontal north-south; 100 measurements
each with the exception of (c) which contains 50 data. (a) TM 1331.2; (b) TM 7.1; (c)
TM 1315 (opx lattice fabric); (d) TM 862.
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slip system. Spinel inclusicns in olivine. as well as the rarity of micron-sized inclusion,
suggest active GBM. Neoblasts (0. 7mm) occur mostly 1n the vicinity of spinei graims.
Therefore they probably do not reflect a steady state grain size (Nicolas et al. 1930).
The brownish spingls are equant to weakly clongated or more rarely irregular
shaped. Characteristic are numerous, unidentified, equidimensional inclusions. Tiny cli-

nopyroxene is rare and occurs interstitially in the olivine matrix.

3.5.1.5 Variations of Type 1B

Additional dunite samples from within unit 1 or immediately adjacent 1o 1t typi-
cally display a somewhat finer grained. porphyroclastic texture with neoblast sizes in
the 0.8mm range (corresponding ‘o ¢ = 7 MPx, Karato ct al. 1980) Olivines contamn
variable. but generally high amounts of inclusion-rich patches and trails. Spinels are
finc ¢ rained (- 0.2mm) and elongated with aspect ratios ot 2 to 4. Rarely, larger, anhe
dral spinel grains occur. Clinopyroxene is rare and interstitial. Overall, dunites and

(cpx-) troctolites appear 10 be microstructurally gradational.

Olivine lattice oricntations from a porphyroclastic sample (Fig. 3.5b) show strong
orientation maxima similar to microstructure Type IB. The incomplete girdle of {010]
may either suggest the activation of a (011)[100] system or. more likely, the 1(0) graing
measured were derived from a few, very large grains by slight misorientation dunng
recrystallization by SGR. In the latter case. the number of grains present before recrys-
tallization within one thin section would not have been statistically signiticant for the

derivation of the slip plane.

3.5.1.6 Type microstructure 1C: orthopyroxene-impregnated dunite ."harzbur-
gite")
This interesting sample (TM 1315) is located exactly in the transition from mass-

ive dunites to harzburgites with dunite layers. This zone also constitutes the transition
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from structural units 1 to 2.

Fig. 3.6. Line drawing of type microstructure 1C, representing an orthopyroxene-im-
pregnated dunite (TM 1315). For ornaments see Fig. 3.1.

In Fig. 3.6, the tabular equigranular microstructure of olivine is shown. The oliv-
ine structure is clearly controlled by the distribution of opx grains. In the olivine-richer
part of the sample (not shown) the olivine structure is coarse granular and
asthenospheric. The preferred optical orientation of olivine appears strong (gypsum
plate test). Spinels are very small and sub-to euhedral or weakly elongated. Clinopyrox-

ene occurs as rare interstitial grains in the same habit as opx.

Orthopyroxene forms elongated, attenuated, flaser-like grains. The tips of these
grains frequently touch each other or point to each other. Most of the traces of the
cleavage (210) and (210) of opx are perpendicular to the foliation. This is peculiar as
the opx slip plane (100) lies in zone with this cleavage plane. It would therefore also be
oriented at high angle to the foliation in the sample and preclude that opx has under-
gone a significant overprint by dislocation glide on the well established slip system
(100)[001]. An opx lattice fabric analysis (Fig. 3.5c) supports these observations: the
[001] slip direction lies perpendicular to the foliation, the potential slip plane (100)
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forms a girdle about the [001] direction, i.e. is always perpendicular to the foliation.
The preservation of delicate tips of grains and the unrecrystallized nature support a pri-

mary orentation of opx.

A formation of epx due to corrosion {i.¢. residual grains of opx) during partial
melting does not explain the lattice orientation. As the lattice orientation of opx is
incompatible with deformation and the shape fabric resembles strongly documented
mel? impregnation morphologies (e.g. Nicolas and Dupuy 1984). a derivation from
trapped melt is favoured. A similar habit of opx has been locally tound in harzburgites
of unit 2 and 3 (e.g. samples 1340, 873, 900, Fig. 3.10a.f.g: Fig. 4.3), although the
characteristic morphology in these samples is restricted to a few of a large number of

opx grains.

A shape fabric of single opx grains comparable to the grai<s in Fig. 3.6 can be
seen in a garnet peridotite xenolith shown in Harte et al. (1975, Fig. 8). Recently, Can-
nat et al. (1990) have shown lattice orientation data from interstitial opx grains of
abyssal peridotites of the Garret transform fault which are also incompatible with an
origin by deformation. On the basis of platinum group clement patterns of harzburgites
and orthopyroxenites, Edwards (1990) proposed a melt impregnation origin for some

opx grains in harzburgite.

The preferred interpretation of the type microstructure 1C is formation of an opx
lattice fabric relatec to crystallization from a melt. The melt may cither be infiltrated or
locally (in-situ?) derived. In the latter case, the sample would represent a frozen-in par-
tial melting texture. Shape and lattice fabric could either have been controlled by the

stress field or by the shape and lattice fabric of preexisting olivine grains.
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3.5.1.7 Type microstructure 1D: layered dunite-wehrlite-olivine clinopyroxenite

The sample (TM 86U) was collected near the base of structural unit 1 from a well-
layered sequence of dunite with clinopyroxenite layers, harzburgites, and lherzolites.
Rare plagioclase layers also occur in the section. The sample consists of alternating

bands of dunite, wehrlite, and olivine-clinopyroxenite.

The olivine structure is well preserved only in the dunitic layers (Fig. 3.7). It is
coarse granular and clearly asthenospheric. Micron-sized inclusions are moderately
abundant. Spinel is poikilitically enclosed by olivine. The lattice fabric is strong (gyp-
sum plate test). In the olivine clinopyroxenitic layer, olivine is more strongly serpentin-

ized and therefore the olivine structure is not shown.

Black spingl occurs only in dunite, cpx-dunite, and wehrlite. It is absent in olivine

clinopyroxenite. In dunite. spincl forms moderately elongated (aspect ratio 3:1). small

grains indicating a good shape fabric. In the transition to olivine clinopyroxenite, spinel

becomes rare 2nd more equant.

Clinopyroxene 1n dunite is interstitial and encloses spinel. In olivine clinopyroxe-
nite, cpx occurs as large grains enclosing olivine. The shape of these early olivines is
clliptical, 0.3 to 0.6mm long and parallel to the foliation. Some cpx displays regularly

arranged tablets of tiny spinel-exsolutions.
Only two orthopyroxcne grains have been (vaguely) identified.

The sample could either represent an igrieous cumulate or massive cpx-impregna-
tion into peridotite. In the latter case, olivine would represent the (compositionally

modified) in-situ component of the original peridotite.
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Fig. 3.7. Line drawing of type microstructure 1D, showing details of a layered dunite - wehrlite - clinopyroxenite. Olivine
structure not shown in left part of drawing. In the thin section, the dunitic part shown in the right side of the drawing is
spatially separated from the olivine-clinopyroxenitic part at the left side of Fig. 3.7. For ornaments see Fig. 3.1. Note that
foliation is oriented normal to scale bar. Same scale for both parts of drawing.



3.5.1.8 Further microstructural features of unit 1

Along the base of unit |, harzburgites and lherzolites occur in addition to the

dunites of unit i. They are moderately serpentinized. The olivine lattice fabric of a

harzburgitic sample is very strong and ortho hombic (Fig 3.5d), indicating activation of
the high to very high temperature slip system (010)[100]. Spinels within unit 1 tend to
be small (varying from 0.1 to 0.3mm) and scattered. Characteristic for harzburgites
from unit | is an association cpx-opx and sometimes amphibole-opx (Fig. 3.2a,b).
Bascd on their irregular shape within a highly deformed matrix, cpx and amphibole
may have an origin by melt impregnation. Fig. 3.3c shows one of the rare instances
where an opx grain encloses a spinel trail. This indicates a high grain boundary mobil-

ity of opx or opx impregnation.

3.5.2 Unit 2

3.5.2.1 Introduction

The most characteristic microstructure of unit 2 is a high strain, high temperature,
cpx-impregnated harzburgite. It occurs only in the uppermost part of the unit, both on
the eastern and western side of the gabbros. It has also been located as a small tectonic
sliver accreted to the base of the massif (Figs. 2.1, 2.2). The microstructural transition
towards unit 3 is gradational and the description will focus on the end-member type of

unit 2,

3.5.2.2 Type microstructure 2: asthenospheric, high strain, clinopyroxene-impreg-

nated harzburgite

The type sampie TM 884 (Fig. 3.8) displays a banded appearance caused by vary-

ing amounts of olivine, opx, and cpx.




The glivine microstructure is weakly porphyroclastic in olivine-rich lavers and the

average neoblast grain size is 0.4mm, corresponding to 0 = 13 MPa. The neoblast
abundance is low (10%). The olivine substructure is unblurred and consequently con-
sidered to have formed under asthenospheric conditions. This is supported by the pres-

ence of syntectonic cpx melt impregnations (see below).

In the opx-rich bands, the olivine microstructure is equigranular (Fig. 3.8). Poiki-
litic enclosure of opx by olivine is virtually absent, though olivine may partially enclose
opx. Petrofabric data (Fig. 3.9a) suggest activation of the (010)[100} and (OO {100]
slip systems.

Orthopyroxene occurs as equant grains with slightly convex or straight grain
boundaries and an average grain size of ".6mm. The grains cither cluster as aggregates
of several grains with well developed triple point junctions or occur in a scattered
manner. A bimodal grain-size distribution is not present. All opx grains in this sample
are considered neoblasts. Typical pull-apart morphologics are absent. Corroded neo-
blasts have occasionally been observed. The preferred cleavage vricntation appears very
weak. The orientation of the cleavage is, however, difficult to recognize in entirely

unserpentinized neoblasts. The neoblasts typically lack any cpx exsolution lamellac.

Clinopyroxene is common (up to 5%) and occurs as trails of grains or single
grains with a either a highly irregular morphology (upper leftin Fig. 3.8) typical for
melt impregnation or as equant neoblasts. Some annealing of the impregnations is obvi-
ous due to the presence of segments of straight grain boundarics instead of curved grain

boundaries (Fig. 3.10b). The average grains size is 0.5mm,

Most cpx occurs within olivine rich zones. Clinopyroxene within opx-rich zones
appears more equant and less irregular-shaped (Fig. 3.8). It will be argued that they
could have formed by exsolution and 1ecrystallization during high temperature deforma-
tion (see section 4.5.2), but an origin by impregnation cannot be excluded, as diopside

growth twins of presumably magmatic origin have been tound within opx aggregates.
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Fig. 3.8. Line drawing of type microstructure 2, representing an asthenospheric, high
strain, clinopyroxene-impregnated harzburgite (TM 884). For ornaments see Fig. 3.1.
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Fig. 3.9. Stereographic projections of olivine lattice orientations for the following

samples: (a) TM 884; (b) TM 1428; (c) TM 1232; (d) TM 233.25. For detailed legend
see Fig. 3.5.
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Fig. 3.10. Line drawings showing further microstructural features of unit 2. For ornaments see Fig. 3.1, for details see text.
Scale bar has gradation of 0.5mm. b - dunite; all other samples - harzburgites.



Brown-red spinel occurs either as equant. sub- ) eahedral grains or weakly elon-
gated grains parallel to the general phase layering in the rock. An intricate intergrowth

or association with another phase is uncommon in the type sample but has locally been

observed in other similar specimens. Fig. 3.8 shows that spinel occurs preferentially 1n

the opx-rich layers and is rare in the olivine rich layers. Such a relationship 1s, how-

ever, not general and many olivine rich layer have abundant spinel.

3.5.2.3 Variation within unit 2

One of the rare samples of the mantle section containing plagioclase is shown in

Fig. 3.11.

Fig. 3.11. Line drawing of asthenospheric plagioclase harzburgite. For omaments see
Fig. 3.1.

It shares the characteristic features of the type microstructure: (1) mosaic equi-
granular, asthenospheric olivine microstructure; (ii) highly recrystallized and scattered

opx grains (neoblast size 400um); and (iii), small, scattered spinel grains.
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Clinopyroxene 1s. however, very rare. Plagioclase occurs as lobate grains enriched in

bands parailel to the roliation It encloses opx neobiasts (Fig. 3.10e). The internal struc-

ture is not known because of an alteration to hydrogarct.

Possible opx impregnations are restricted to the upper part of unit 2 (Fig.
3.10a.1.g). They are. however, difficult to distinguish from opx grains formed by pull-
apart.

A sample from the area in the south of unit 2 (TM 1428), which shows folding of
the foliation, was tested for the possible development of a new fabric due to folding.
The petrofabric analysis yielded. however, oniy one coherent. strong olivine lattice fab-
ric related to the measured fohation (Fig 3.9b). The activated slip system w as
(010){ 100].

Down-section within the unit, the following trends develop and continue into unit
3
(1) opx is less recrystallized and less scattered,

(ii) a bimodal opx distribution is preserved (Fig. 3.10b). Orthopyroxene porphyroclasts
may contain cpx exsolution lamellae:

(iii)grains within opx aggregates are of more irregular outline:

(iv) spinel may be intergrown with opx + cpx: it is larger and more irregular shaped:

(v) the olivine structure is somewhat blurred.

(vi) evidence for trapped melt becomes rare.

3.5.3 Unit 3

3.5.3.1 Introduction

As the central part of the mantle section is among the most serpentinized areas of
the massif, the microstructure of samples for units 3 and 4 are generally poorly pre-
served. The choice of the type sample was to some degree influenced by the search for

a reasonably preserved olivine structure.




The sample illustrated (TM 747, Fig. 3.12) is located in the central part of umit 3
in the northem slope of the massif. It comes from an arca where the lithological band-
ing is oblique to the foliation. The foliation in the hand specimen and on cut and
bleached surfaces ts indicated by orthopyroxene aggregates and spinel trails and runs
E-W in the illustration. Other trails and aggregates occur in orientations obligue to the
foliation and the banding and the sample may represent a complex transitional stage of
readjustment of passive and active markers during tolding or reversals of the sense of

shear.

3.5.3.2 Type microstructure 3: weakly lithospheric, lower strain harzburgite

The sample itlustraied shows three typical teatures tor the microstructure ot unit
3: (i) a weakly lithospheric olivine microstructure: (i1) relatively fine grained opx
aggregates in the 1.5 to Zmm range; and (iii) spinel intergrown with opx. The high con

tent of clinopvroxene is. however, not typical for the unit.

The olivine microstructure 1s lithospheric and conscquently ditficult to illustrate.

Grain boundaries are of low angle nature, undulose extinction and tightly spaced uit
walls are common. The vuverall appcarance is blurred. The tilt wall orientation is highly
oblique to the foliation and indicates a tlow plane close to the lithological banding. The
average neoblast size is 0.25mm which translates into a deviatoric stress of -+ 20 MPa.

Fluid or solid inclusions within olivine are absent.

Orthopyroxene displays a porphyroclastic habit with a few larger porphyroclasts
2mm) and variably scattered smaller grains (0.4 to 0.8mmj. The grains are less equant
than in type microstructure 2. Several grains have their long axes perpendicular to the
lithological "anding (Fig. 3.12, Pl. 6d). They are considered pull-aparts (Nicolas ct al.
1971, Darot and Boudier 1975). Interstitial grains are rare; lohate outlines occur, hut

are not very common. The preferred cleavage orientation 1 poor.
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Fig. 3.12. Line drawing of type microstructure 3, representing a weakly lithospheric,
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Clinopyroxeng ranges trom small interst:tial grains to large (1.5mm) grains. [t

occurs mainly in the olivine matrix, but a few grains share faces with opx. The shape of
the grains is somewhat irregular. They are variably recrystallized. An alignment paral-
lel to the lithological banding is present. Clinopyroxene is interpreted as an annealed
phase related to melt-impregnation, but a primary origin cannot be excluded.

Deep red spinel occurs typically in a fairlv intricate intergrowth pattern with opx.
Witiin this intergrowth, spinel may be present as: (i) highly irregular-shaped. large
grains (upper right in Fig. 3.12): (ii) as more scattered. smaller. cquant grains (upper
lett and lower right in Fig. 3.12): or (iii) as subhedral grains which may contain inclu

sions.

J.5.3.3 Variation within unit 3

An olivine latiice tabric was determined trom a cpx-poor harzburgite of unit 3
(Fig. 3.9¢). The sample represents one of the coarse grained peridotites located within
the central part of unit 3 (Fig. 2.1). The petrofabric analysis indicates that detormation
took place through the slip systems (001)[100] and (DkD)[100}. Within this specimen, a
beautifully corroded orthopyroxene grain is preserved (Pl 6¢). Spinels are coarse
grained and associated with opx.

In many samples of unit 3, there seems to be a large range of olivine grain stzes
between 0.2 mm and 4 mm and it is ditficult to recognzizc two distinct generations of
grains (porhyroclasts and neoblasts). In the upper part of unit 3. the transttion towards
the microstructures typical for unit 2 sets in (see previous section). Particularly the pro-
gressive disintegration of spinel-opx intergrowth textures can be seen (Fig. 3.13).
Whereas some of the scattering of opx and spinel occurred by pull-apart (FFig. 3.13, lett
diagram), other occurrences of the intergrowth texture show an clongation of spinel
parallel to the fohation plane as shown in Fig. 3.13, nght diagraum). They are ditficult

to explain solely by deformational processes. Peridotites ot the lower part of umit 3 gen-




TM1237

Fig. 3.13. Line drawing showing detail of TM 1237. For ornaments see Fig. 3.1. Gra-
dation on scale bar is 0.5mm. Note scattering of the opx-spinel cluster in left diagram
and the asymmetric tail of spinel parallel to the foliation in the line drawing on the right
side.

erally show highly scattered opx grains of irregular shape. Pull-apart is very common
and contributes to the poor fabric appearance. The olivine lattice fabric of peridotites
with the poor shape fabric is, however, strong (Fig. 3.9d). The activation of the slip
system (Okl)[100] is suggested. A partial girdle of the (100) plane indicates, however,
some interferences. Clinopyroxene occurs in varying, generally low amounts in the
olivine matrix in subequant shapes. An association with opx has been observed. The
olivine structure is lithospheric. A range of grain-sizes is preserved for olivine, though
in many samples a clear bimodal grain-size distribution is difficult to recognize. Spinel

scattering varies from strong to weak.

No distinct microstructure was found for the high temperature shear zones
occurring at the base of unit 3. This is supported by the olivine petrofabric analysis
(Fig. 3.14a) which indicates the presence of the standard, high temperature slip systems
(001)[100) and (010)[100]. The predominance of the former system, is, however,
somewhat surprising in the light of the prediction that this system is dominant at very

high temperatures of deformation (Nicolas and Christensen (1987, see section 3.3).
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Fig. 3.14. Stereographic projections of olivine lattice orientations for the following
samples: (a) TM 233.10; (b) TM 578.3; (c) TM 1100, reference frame corresponds to
a field orientation of the stretching lineation of 45/0 determined in the sample; (d) TM
1100; same lattice data as in (c), but reference frame now with respect to a stretching
!ineation of 305/27 and same foliation as in (c). The rotated lineation of 45/0 from (c)
1s shown as full square. For detailed legend see Fig. 3.5.
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A rare, low temperature shear zone with a flasering foliation within the upper part
of unit 3 (TM 772.1) displays a classic porphyroclastic olivine texture with very well
developed olivine ribbon grains and porphyroclasts (up to 4mm) and very fine grained
neoblast (10-20.m). Spinel either remains unaffected during deformation or shows pull-
apart morphologies; opx grains form well-developed, rounded porphyroclasts (i.e. no
slipped grains are observed). Clinopyroxene grains are aligned in trails of 0.2mm large,
equant grains. The presence or absence of ¢cpx and opx in the matrix is difficult to
determine. Anastam wing vands of colourless amphibole, subparallel to the foliation,
consist of equant to weakly clongated, SOpin large grains (tremolite?). The shear sense
can readily be deduced using S-C relationsiups (Lister and Snoke 1984). Rarely, similar

shear zones occur within umt 2.

Cn the western imb of the TM synform, unit 3 reaches up to the (faulted?) Moho.
In its uppermost part, delicate, irregular-shaped opx and cpx grains have been observed
(cf. Fig. 4.3). They are very rare further down-section. Additional details, specirically

about the spinel-pvroxene relationships, are discussed in section 4.6.

3.5.4 Unit 4

3.5.4.1 Introduction

The sa.ople selecied as type microstructure represents one of the numerous

mylonitic high strain zones within unit 4. The lower strain rocks of unit 4 are micro-

structurally similar to the lower part of unit 3 and are not discussed in detail. Of

interest is, however, a more complex olivine lattice fabric in these rocks.

3.5.4.2 Type microstructure 4: mylonitic, depleted harzburgite
Due 1o the fine grain size and lithospheric olivine microstructure, an illustration
by photomicrographs and detailed sketches is more effective than a complete micro-

structure drawing.




The gliving microstructure is porphyroclastic in of x-poor arcas and tabular equi-
Zranular in opx-rich areas (Pl. 6f). Lithospheric overprint is strong, the ncoblast abun-
dance high. The olivine neoblast size is ~ 100um (corresponds to 42 MPa).
porphyroclasts are often ribbon-shaped with aspect ratios of 3:1 to 5:1. Micron- 1z¢d
inclusions can locally be observed in porphyroclasts. The lattice fabric (Fig 3.14b)
shows a very strong maximum concentration of the (100) plane (20.9% per 1% arca).

slightly oblique to the lineation. The activated slip system was (Okl)[ 100].

Orthopyroxene «ggregates re rare. Most larger opx grains occur as unrecrystall-
ized. 0.5-2mm large, rounded porphyroclasts (Pl. 6f, Fig. 3.15a). Very rarely, these
grains can be seen to have undergone moderate slip (aspect ratios <2:1). Part or all of
the margin of opx porphyroclasts may be recrystallized into a fine grained mosaic of

clivine and opx (average grain size 50-100um).

Characteristic for the high strain samples are shard-like orthopyroxene grains,
elongated parallel to the foliation and wi:h the (210) or (210) cleavage perpendicular to
the foliation and elongation (Figs. 3.15a-d, Pl. 6g). This implies an orientation incom-
patible wi*y activation of the opx slip system (100)[001](see section 3.5.1.6). The aver-
age size of the shards is 150x60um. These grains occur locally in discontinuous bands
or as tails to opx porphyroclasts, or, as in the type sample, the grains are dispersed
throughout the olivine matrix, Where the shards are associated with porphyroclasts
(Fig. 3.15a,b), they taper out within a short distance of the porphyroclasts, suggesuing a
genetic relationship with the porphyroclast. The grains are characterized by sharp tips
which sometimes meet up with the tip of a neighbouring grain. Rarely, the shards par-
tially enclose olivine grains (Fig. 3.15¢) or are optically continuous across separating

olivine grains (Fig. 3.15b). The shards remain in their "hard" orientation for activation

of glide even if the associated opx porphyroclast is in "easy glide” orientation (Fig.

3.15a). Their origin is puzziing (see section 4.4.3).
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Fig. 13.185. Line drawings of microstructural features of unit 4. For omaments see Fig.
3.1; op. hom. - optically homogeneous extinction. Gradation on scale bar is 0.Smm.
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Black or red spingl shows no preferred associatior. with another phase and oceurs
as scattered, anhedral to euhedral, 15um large grains. Porphyroclasts up to Imm are,
however, locally present (Pl. 6f).

Clinopyroxene is very rare It occurs as tiny (S0-100gm), elongated, interstitial
grains in the olivine matrix parallel to the foliation. 1t can occur in a habit similar to the

opx shards.

3.5.4.3 Variation within unit 4

Host peridotites to the high strain zones in unit 4 are highly serpentimized and

appear to contain little new microstructural information.

Olivine shows a weakly porphyroclastic texture with low to moderate lithospheric

overprint. The ncoblast size appears 10 be in the 0.4mn. range. In higher strain rocxs,
the proportion of neoblasts and the amount of lithospheric overprint increases and rib-
bon grains are occasstonally developed. In several more highly strained samples, good
oblique olivine shape fabrics are deveioped (van der Wal et al. 1990). In such fabrics,
the shape preferred orientation of olivine is oblique to the foliation defined by spinel

and pyroxene grains (see Pl. 7e). They indicate a sinistral sense of shear.

A lattice fabric analysis for a low to moderately strained sample indicates a maxi-
mum of (010) near the foliation plane and thus slip mainly on {010) (Fig. 3.14¢). In
addition, the poles to (010)-planes form, however, a partial girdle about an axis at high
angle to the stretching lineation. The [100] axis, usually a reliable indicator of the slip
direction, forms a peculiar double maximum, one lying close to the lineation, the other
at high angle to it. Using the [100] maximum close to the lincation, part of the data set
can be expiained with activation of the slip system (010){100) during tlow parallel to
the measured stretching lineation of N45°W. It is suggested that the second sub-maxi-
muin of the (100) plane could represent olivine orientations related to another move-

ment direction using the same tlow plane. Rotation of the data indicates that such a flow
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line, related to the second sub-maximum of [100], would be onented towards a field
orientation of the stretching lineation of NS5°W, i.e. close to the stretching lineation
within unit 3 (Fig. 3.14d). The petrofabric analysis may thus lend some support to the
field evidence which suggests that mylonitic high strain zones of unit 4 overprinted unit
3 fabrics. In low strain domains of unit 4, however, the overprint was incomplete and a

remnant olivine lattice fabric of unit 3 may be preserved.

Related to this model, the second submaximum of (100) planes may represent a
generation of grains with an unfavourable orientation for slip. Such a bimodal behavior
of grains during deformation has been modelled (Etchecopar 1977) and observed in
experimentally deformed ice (Bouchez and Duva' 1982). Alternatively, the fabric could
represent deformation during mainly pure shear using the slip svstem (010){100]. Such
conditions produce a [100] girdle in the foliation plane (Nicolas et al. 1973, Etchecopar
and Vasseur 1987). The slight asymmetry of the lattice fabric with respect to the folia-
tion argues, however, against this model.

Orthopyroxene occurs as vanably recrystallized clusters or scattered, 0.5 to 3mm
large grains. There is a general tendency for large grains to show evidence for slip
more frequently than small grains - a feature which is poorly understood. ’ossibly,
strain within the ductile olivine matrix could be partitioned relatively easily around
smaller opx grains whereas larger opx grains offered such a resistance to flow that they
started to slip. In higher strain rocks, the opx clusters become strung out and a mosaic
texture of olivine and opx develops between opx porphyroclasts.

In low strain samples, the spinel microstructure is relatively coarse (Imm). An
association with opx is present only for a minority of the grains within one thin section.
Grain size decreases in the higher strain rocks. Elongated grains are rare and pull-apart

of spinel dominates.

Clinopyroxeng is very rare and occurs as interstitial or near equant grains in the

olivine matrix.
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Pendotites in the south and near the base of the unit show a lower lithospherie
overprint than elsewhere in unit 4, co..firming the field evidence (see sections 2.5 and
2.6).

3.5.5 Transitional unit (TL)

No distinct microstructures are preserved within this transitional unit. Microstruc-
tures are similar to the modcrately (lithospherically) strained samples of unit 4, though
the opx grain size tends to be somewhat larger than in this urit. A detailed description
is not included.

Coarser peridotites from the base of the TU to the north of the cross-fault zone
have, apart from a few samples TM 1637, TM 258, TM 259). a strong lithospheric
overprint of the olivine structure. Otherwise they are similar to unit 5. This suggests
that in this area the TU overprints peridotites which in the rest of the TM massif occur

within unit §.

3.56 Unit §

3.5.6.1 Introduction

The most characteristic microstructures are preserved near the base of unit §.
They display a very poor shape fabric of all constituent phases. In particular, the defini-
tion of the shape tabric using the spinel orientation is not possible even in bleached
hand specimens due te a lack of any spinel preferred orientation (Fig. 3.16). A spinel

shape fabric is, however, present in the upper part of the unit.

3.5.6.2 Type microstructure §: coarse, low strain, asthenospheric, clinopyroxe-
ne-impregnated harzburgite
The gliving microstructure of sample TM 1181 is weakly porphyroclastic (Fig.

3.16). The unblurred nature suggests only very weak lithospheric overprint. The neo-
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blast grain size ranges between 0.5 and 1 mm, corresponding to g = 11-6 MPa. The
proportion of neoblasts is low to moderate. The olivine lattice fabric is only moderately
strong and suggests slip on (010) and (001) in the [100] direction (Fig. 3.17a). The

(100) planes form, however. also a partial girdle subparallel to the foliation.

Qrthopyroxene is volumetrically abundant. 't occurs in clusters which are coarser
(2-5mm) than i other units (apart from unit 6) of the massif. The degree of recrystal-
lization varies but is generally low. Neoblasts in the clusters are irregularly skaped.
Scattering of op* is moderate and pull-apart occurs frequently. Highly lobate, corroded
grains are locally preserved. At intricate intergrowt<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>