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* « The Bay of Islands Comp]ex,.situateJ on the west coast of
Newfoundland, forms the_dpper slice as;emb1age o% a number of-.alloch-
- thonous slices that were emplaced on platformal carbonpte rocks‘of the
ancient ‘North American continental mé}gin‘during‘the lower Middle .
- Ordovician. The Complex consists of a cbmp]ete ophiolite sequence di3posed
'in four.main massifs'aﬁd be]iéved to répresé;t obductgd portions of
oceanic lithosphere. During early stages of displacement froﬁ the oceanfc ,
environment, a basal dynémothermal'aureo1e was developed and remains
- part -of the Comp]exf Temperatures of metamorphism.in this.auregle p
.suggest that-the_ophio1itib roCk§ were just forﬁéd and still fot when"
| displaced. This, together with other evide;Ee, suggests their production'
{n a mqrginai Bagin dt in the environs ofké ridge, subduction zone,
transform trﬁp]e point. |
' Petrological, mineralogical aﬁd chemical data show that- the
Complex may_be divided jn lTower series of thramafip t9ctopités .
representing mantle material, and a h{gher seri;; of cumulate and

ext?usive rocks capped by clastic sediment§ which may be ;orrélated

with oceanic crust.

Examination of the tectonite series revea]g a lower spinel )
Therzolite member overlain by harzburgites. Both rock types are Eut
by(;umerous déformed and undeformed olivine-pyroxene veins. These veins
repg;seqt early crystallisation prodacts from a pfcrftic tholeiitehmagma
E derived at 18 kb and 1100°CAby ~ 23% partial melting of a sp}hel

1heriolite‘to leave a harzburgite residuum. The remainder of the magma

ok . s

~
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crystallised as differentiated cumulate and.extrusive rocks under

crustal condjtions. o . ‘ \\Yi
. Thé petrogenetic model geri&ed from the midéra]ogy'and

chgmistry imp]igs a rising djapifié'body ﬁeheath an_accreting centré \

and allows for the produg}ion of tholeiitic, transifioﬁé] and mi]d]y‘.

a]kﬁline basalts from a similar parent. The nature of the‘basa1t .

' erJﬁted'depends upon rate 6f upwe]]iﬁg and.rate 6f crystallisation.

within the diapir. P}olonged fraEtionaiion at pressures of 8-18 Eb

maylexp1ain fhe derivation of off ridge-axis alkaline sexjes%t

Furthermore, .the model places ]imits ongthe depths of melting wi?th\. s

the risiﬁé didpir'and suggests that crysial]isation takes place a% V

depths of 1esg/;;;n approximgtely 60 km. ' -

Comparison of the Bay of Is]hnds‘Comp1ex w?th oceaﬁic

" lithosphere and other ophiolite suites suggests it is possibly the

‘ : ®
- ideal type example with which to study oceanic crust/mantle relationships.
" v . -
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CHAPTER 1

‘l

INTRODUCTION |

>
.

A, Locat1on and ecoess '
. The Bay of. Is]ands comp1ex forms -a discontinuous north- easterly
trending belt of mqf1c ultramaf1c mass1fs approx1mate1y 100 km long. and
25 km wide on the west coast pf Newfound]and (Fig. la). The three o
northernmost massifs,.Table Mountain, Nortb Arp Mountain-Mount St. Gregory,
ard B]on me down Mountain, were mapped during. the summers of 19i1,and 1972

by the author. The fishing village of Trout River was used as a base for

the reconna1§\5nce mapp1ng of Table Mountaln ahd Mt. St Gregory and may

be- reached by road;from Deer Lake (Fig. .Ib). Cox s Cove on M1dd1e Arm

. -
was used as;a basé for mapp1nb of North Arm Mounta1n an®>Blow me dqgn'

Mounta1n, and is reached by road from Corner Brook ’ ) ;,
; /
Local aceess was atta1ned by four-whee] drive vehicle, boat and

floatplane. Trave1.1n the mountains is of necessity by foot, and although

* thick growths of trees and high c1iffs ‘make "climbing difficult, the

-mountains are flat topped, barren and easily traversed.

B. Phys1ography and- c]1mate

. . The compIex forms a d1st1nct phys1ograph1q unit wh1ch is- preserved 1
as part of the Long Range Penep]ane (Twenhofel and McClintock, 1940). The
-eroded remnants. of she penepiane form.a genf]y-undulqting high]and of over

+ 650 m, bounded to the northeasf by the Long Ronge proper, and by a coastal.
1ow1and to the West - The highest point rises to 814.7 m in)thé Lewis-Hills,

but the peaks of .North Arm Mountain and Blow me down (762 3 and 705. 6 m

-y . . F ’
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Figure Ib: Bay of Islands Region showing location of
Trout River and Cox's Cove.
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respectively) afe comparable. Both regional and Tocal topography reflect
bedrock structures and 1ithologies. Streams run.either‘northeastwards,
parallel to the regional strike, or northwestwards, parallel to the strike
of many transcurrent faults. The two Trout River Ponds are similarly
structurally controlled by faults between the Table Mountain and North'
Arm Mountajn massifs (Fié. Ic). The highlands, composed of mafic and ¢
.ultramafic rocks, are bounded by fault scarps ofFen of 300 m relief, and
V-shaped canyons and cirques, and well-developed theatre-headed Qa]léys
cut the scarps and-are a result of ‘stream erosionréhd élumping rather tﬁan
glacial action. A ridge and valley pattern is developed Tocally on the
peneplane as a result of fine scale differential weatheringi A felsenmeer
is developed on the mafic and ultramafic rocks where the high magnesium
;gpntent restricts the growth of trees to the boggy areas only.

| The west coast of Newfoundland enjoys good summer weather with
temperafur?s varying little from §5—70° F. Rainfall is 1ight»but frequent,

and the predominant wind direction is from the southwest.

C. .Survey bont;o].

» Topographic base-maps (sheets of the National Tapographic System:
Skinner Cove E, Trout River E and W, Lomond W, Bay of Islands E and W, -and
Serpentine E and W} on a scale of 1:50,000, and aeriAl pho¢ographic coverage
are available for the area from the Federal Government Déﬁartment of Mines
and fechnical Surveys, Ottawa. Aerial photographs of 1:50,000 and 1:20,000
scales were used:for the present survey. Infraréd and colour photographs
are being f]éwn by the Federal Government at the present time, anﬂ are at

| present only available for the southern part of the study area.

X



Figure lc:  Fault control of topography in _northern
massifs.
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DQ Previous Geological Work. . ' L

J.B. Jukes (1842) was the first to describe the regional geoiogy
of_westérn Newfoundland. A. Murray and J.P. Howley (1881Y described the
_ area.in more detail, and the ultramafic and mafic rocks of the Bay'&%g
. Is1ands‘and Hare Bay were included collectively on HowTey's‘qap of
Newfound]and-(1907) as serpentines, dolerites and diorites; etc. '

More detailed 1nvest1gat1ons d1d not take place unt11 1933,
resulting in publications by Snelgrove (1934) and Sne]grove et al. (1934)
concerned mainly with the chromite deposits, especially of;the Blow me
down massif. - The mafic-u]tramagic complexes were interpréfed as a
dissected,'bandéd.lopolith, and ‘some atteqpt to describe the igneous
stratigrgphy was made. Ingerson (1535, 1937) considered the massifs to
be individual} layered laccoliths with domed roofs, whilst Budd1ngton and -
Hess {1937) and Cooper (1936) considered them remnants‘kf a once
continuous 1opo1ith. Troelsen (1947) studied the northern part of the
area (Table Mountain and Mount St. GregoryT’as part of a review of the
stratigraphy 'and structure of the Bonne Bay-Trout River area.-

' Smith (1958) carried out regional mapbing aﬁd petrographic stﬁdibs
on-all four_massifs of the Bay of Islands cqmplex.. He interpreted the mafic
and u]tramafic rocks as individual intrusions and noted that the; were;
‘partia11y surrounded by a‘metamorphic aureole, and th;t they could be
classified as intermediate between alpine peridotites and stratiform .
intrg;jons."-Riley (1962) studieg‘the southern part of the area during

reconnaissance mapping of the Stephenville afea, and Baird (1960) the

northern‘EEFt‘during reconnaissance mapping of the Sandy Lake (west half) area.



R

/ fhe general view, therefore, up until 1963 was that the
- igneoﬁs ;bcks were intruded in their present position into the surrounding
‘clastic rocks. Johnsbn (1941) ahd Kﬁy (1945) had argued the possibility
Ehat the clastic,rocks.might represent a.sequence; ehuivalent in age to
the now struétura11y underlying carbonates, thap was transported before
intrusion of the plqtons. However, Rodger§ and Neale (1963) interpreted
- _ the mafic-ultramafic comp]exe; as an integral part of such a transported
terrain, mainly because of their spatial association with the surrounding
clastic rocks. The mafic-ultramafic rocks Qere still reéarded as,
;k\\ . ‘intrusive into the sediments but the intrusion now was thought to predate
/ transbort. Stevens (1970) éemonstrated fhat the igneobs and sedimentary
rocks -in fact formed separate thrust slices, and both these slices and
' several ;theks Qére delineated by Williams et al. (1972) énd ﬁilliams (1973).
This interpfetation, which implies that the igqeous complexes were-formed
in an area separated from the transported clastics at the time of
deposition,’ was based upon the widespread occurrence of chromite, pyroxene
- and serpentine grains in the upper sandstone unit of the eastér]y derived
clastic succession (Curling Group of Stevens, 1970). Stevens interpreted
.the‘igneous rocks as a‘mbre eastgrly source terrain ﬁuring clastic .
deposition, shedding material westwards into the depositidna1 basin, at
1east‘during the latter stages of deposition of fhe clastics.. This period °
of debosition may in fact have been occurring during early westward |
—~ﬁovement of the k]ipﬁen rocks. - ‘ ' ,.

N o Church and Stevens (1971) and Williams (1971) delineated basal

thrust contacts between plutonic rocks -and underlying sedimsntary rocks

r’ g
SOl |



and noted that the basal aurecle of metdmorpﬁic rocks that had suggested

an intrusivé origin, were «dn fact part of the transpofted digneous slices,
and were to be found faulted agaihst feiative1y undeformed nearby clagtic ,
rocks. These authors and Williams and Smyth (1973) and Malpas et al. (1973)
rggarded the aureole as a product of dynamothermal metamorphism dﬁ}ing

transporf,

Tuke (1968) confirmed the ‘hypothesis of Rodgers and Neale that '

two super}mppsed sequgnces‘of different 1ithologies but similar age existed
fh the Hare Bay region of nortbe;h\NgEfgund1and (Fig. Id). - Tuke delineated

three separéte ailochthonous slices and showed that'the White Hills:

) Peridatite Sheet occupie& the highest slice. More recent work of NiTiiams,
Smyth and Stevens (1973) and Smyth (1971 and 1973) delineated a §tacking
order of these s]icg§ for the first time. Similar lithologies, struc;ures
and stacking orders:a1low.c1dse correlations to be made between the Hare
Bay A]Hochthon and the Humber Arm A]]ochtﬁbn which feature in most o; tﬁe |

_recent models for the development of the Newfoundland Appalachians. |

Recent interpretations have suﬁgested the poss1bi]jty that the
piutonic and volcanic rocks rep;ésent oceahic crust and upper mantle now
preserved on land (Stevens, 1970; Church and Stevens, 1970a & b, 19715

. Bird and -Dewey, 1970;_w1111ams,-1971; Williams and Malpas, 1972; Church, 1972;
Malpas, 1973) and tha& they fit'a’model based-upon an opening and cjosing
profo-At]antic ocean as envisaged by Wilson (1966). These in}erbretations |

aée discussed further in Chapter VII.
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F. Geological Setting. | ' ‘ -

i) Newfoundland and the Appalachian Structural Province
The AppaIach%an Structural Province (A.S.P.), lying to the
south-east of the Canadian Shield,. has an exahsed area of \bmev280 000

square kilometres in Canada. Newfoundland lies at the northern extrem1ty

of the Province and exh1b1ts a cross section of the Palaeozoic orogen

(Fig. Id). This orogen is composed chief]y,of Precambrian and PaJaeozd;F

o
rocks which contrast sharply with the cover rocks of the Shield in

structure and facies. S
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Williams (1964) descfibed the tWo-stded symmetry of the A.S.P,
in'NeQTpund1an3 and thus argued~against the prdcess of its - formation by
Acentinental accretion. More 1mportant1y, however, his fundame_ta] d1v1s1on :
;of Newfound]and 1nto three zones de]1neated centra] Newfoundland as
d1st1nct1y different in geo}oﬁfcal evo]ut1on(/o the adJacent ‘platformal’
rocks. Following this dismissal of the Hall-Dana geesyn51inaj centept
of Appalachian deveToﬁhent ‘Wilson (1966),proposed that the‘present‘Western
and eastern parts of the Appa]ach1an system (in Newfound]and‘gwm Western
_plaﬂForm and Availon p1atf0rm of N1111ams, 1964) had been sepqrated-by a
'proto-Atlant1c ocean' thch closed. in the Lower Palaeozoic and brqeght
the eastern platformal terretn into its present position relative to the
North_Ame?ican-continent. Later continental separation during the Mesoioic-
opened theTAt}antﬁc to the east ®f the Avalon Piatform. Wt]liqms, Kennedy

and Neale (1972) further subdivided the A.S.P." in Canada into ‘nine Zones,

,17;;—é§ﬁﬁt$6T\which-are nepresented in Newfofhdland. The geological development

~—

of these zones, designated by the 1etters A-to !l (Fig. Ie), and the .
re]at1onsh1ps between adjacent zones togetherjcpmpr1se the fundamental '

aspects of the development of tﬁe Appalaqpqins "Within this zdna1'framework,

zone A and B are equ1va1ent to the Western Platform, zones C to G !

equau?lent to the Centra1 Mob11e Belt and zone H equ1vg1ent to the Avalon LY

Platform of Williams. ¥, : . ..

- 11)7 Zonal subdivision of the Appa]acs:;;\;tigctura1 Province

in Newfoundland. | ‘\\\\:j>\_“ . ‘
] . N t

.The westernmost zone of the system; Zone A, is underlain by
I'd - N

continental basement of ‘Grenvillian-age. The basement crops out as the
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Finge le: Tec'tonp-stratigi”qph’ic zones ‘of the
'  Newfoundland Appalachians. '
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gneisses of the Long'Range mountains and anorthosites of the Indian Head
Range and is unconformab1y overlain by a basal clastic sediment-biateau
lava sequence, and an eastward thickening carbonate succession. The
carbonates are overlain by easterly-derived, westward transgreséing
flysch deposits vhich preceded the tectonic emplacement of transported
clastic and igneous rocks. Both the underlying autochthonous. rocks and
the transported rocks are deformed, but penetrative neformation affected -
some allochthonpus rocks prior to their final emp]acement.' Upper slices
of the allochthons in both the Humber Arm region and the Hare Bay region
ére formed of ophiolitic assemblages tranSported from the east, and
cdnsequen@]y provide additional evidence for-tpg existence of a Lower
Palaeozoic ocean basin prior to Appalachian orogenesis. |

In Zone B a carbonate succession overlies Grenville rocks as
in Zone A. Po]ydeformed allochthonous rocks are also present in Zone B
and are 1dent1ca1 to the. F]eUr de Lys Group of Zone C. ;ﬁey are 1nEFrpreted
as transported.because of the contrast in structural style and metamorphic
grade where juxtaposed with relatively undéfogmed autochthonous Cambrian
and Ordovician carbonate rocks in the southern part of tnis zone. Theﬂ'
boundary ‘between Zones A and B, where defined, is.common1y faulted, bnt
it is mostly hidden beneath Carboniferous sedimentary rocks. =

The polydeformed rncks that are found in place in Zone C fo}m a
thick séhieé.of‘clastic sediments'and volcanic rocks, all deformed in the
late Cambr‘lnegr early Ordovician. They are- referred to as the Fleur de
Lys supergroup. These rocks were 1nterpreted as continental margin

dépbsits by Dewey (1969) and Zone C was described as a ‘marginal crystalline

%

[
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belt' by Kennedy (1973). - (See also Zone G). The stratigraphic succession

within this supergroup passes from a lower dominantly psammific and

semipelitic sequence overlain by a greywacke sequence into mafic and

silicic vchanic rocks. A thin and discontinuous zone of ultramafic
rocks separates Fleur de Lys terrain-on its west side from predominantly
Ordovician volcanics to its east. Dewey (1969) and Kennedy (1973) have

interpreted these ultramafiélrocks as part-of an ophiolite sequence

'represénting the remnant of a small ocean basin that opened within the

continental rise prism of sediment. Strong et al. (1974) and Swinden and
Strong (in press) préfgr interpretations in which these ophiolites were
overthrust jin the ear]y O?doviciah dnd infolded during the Acadiap
orogeny (See Chapter VII). |

gggg_g_1s characterized by the predominance ofomaf1c pillow lavas,
associated pyroclastics and a diabase dyke terrain. <Sediments, although
not com@sﬁ are abundant 1oca11y, cons1st1ng generally of cherts, greywackes

and marine 11mestones (Marten,-1971' Strong anA’Kean, 1972) Ultramafic .

and granod1or1te rocks occur 1n this zone the former be1ng we1] represented

* by. the basal port1on of the Bett's Cove oph1011te assemblage (Upadhyay et al.,

1971) in the west. This ultramafic member is overlain by a thin gabbroic
member which itself gives way upwards to a dyke comp]ei consisting of nearly

100% mafic dykes, which decrease in density upwards as more (Mic screens

"appear.. Abové this transition is a four kilomefré thick pile of pillow

lavas. The general lithological successioh therefore compares favourably
with that of other ophiolite suites which Have been ?nterpretgd as sections

of'oceanic crust and upper mantle. The excessively thick sequence of pillow
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lavas may‘be.attributed to island arc volcanism, built upon oceanic

" crustal 'basement'. Similar island arc volcanism has been suggested

th;oughout Zone D (Stevens et al., 1974) from Long Island (Kean, ]973){
Pilleys Island (Strong, 1973) to the Twillingate-New World Island area

(Strong and Payne, 1973). However,_the effect of compressional stresses

-df such an environment (Teading plate margin} have been disputed by

H. Williams (perSonal communication, 1974). Several lines of evidence
suggest that Zone¥ represents the source area for the'transpﬁrted rocks

of Western Newfoundland. Ophiolitic rocks are present but, more importantly,
similar relationships exist between‘o1der deformed granitic rocks and
diabase dykes which cut them in both zones; Specific lithologic
correlations can be made between this assemblage on Twi]]inéate or Long

Island and similar assemblages of the Little Port Complex which forms part

of the allochthon.

A1l boundaries of Zone D are faulted.
In the lower part of the succession in Zone E, pyroclastic mafic
volcanic rocks are dominant. These are overlain by sedimentary rocks,

greywackes and conglomerates, which give way upwards to terrestrial and

 fluviatile dépoéits. A chaotic mélange, 30 km in length and 8 km wide, is

found in the northeast of Zone E. This has been interpreted by Hor?e (1969)
as gravity slide deposits, -but more recently has been argued as {,
characteristic of an oceanic trench and subduction zone environment (Dewey
and Bird, 1971; Kay, 1972}. If this latter interpretatiqn is corfect then
Zone E contains the remnants of éi early Ordovicién consﬁming plate margib

and is most probably underlain by oceanic crust. ,/



Most of Zone F is composed of Ordovician slates overlain by a
thick_sequence of arenaceous sedimegts of Silurian age. Although some
vblcani; horizons exist in the ]attér, both Ordovician and Silurian
vo]c;nic rocks are of minbr importance iq Zone F. However, a discontinuous
belt of mafic volcanic rocks and associated gabbros and ultramafic rocks
occurs slong the margin with Zone G in the east. This contact may itself
be unconformab]e since middle Ordovician greywackes in Zone F here
contain metamo}phic detrjfus presumably derived from Zone G (Kennedy and
.McGonigal, 1972). Mélange deposits have also been observed ﬁ]ong this.
contact at Carmanville and near the head of Bay d'Espoir {Kennedy, 1973)
and a basal cong]omgrate of Zone F has been reported from Gander Lake -
(M.J. Xennedy, personal communication, 1974). |

Zone G consists of a belt of metamorphic rocks in an 'S’ sﬁéped
cﬁnfiguration extending across Newfoundlaqd and truncated in fhe'west‘by ,
faulting (Brown, 1973). The‘f]exure of tﬁe belt has been attributed to
tectonic bending rather than an original depositional trend sinqp the same
form of folding is seen on a smaller scale throughout central Newfoundland
kwf11iams et al., 1970). Basement gneisses intruded by granites,.and

younger sedimentary cover rocks occur in northeastern Newfoundland, and

similar types have been noted along the south coast (Colmang- add; 1974,
. . i ) 5"- ) . .
Brown, 1975). Devonian plant remains locally occu'in. @

slates exhibiting low grade metamorphism. The simila

f;p"metamofphism~

. N Xt '
and style of ‘deformation between the metasedimentary qover rocks of Zone G,
and the psammites and semipelites of fhé Fleur de Lys supergroup of Zone C
has led Kennedy (1973) to suggest that Zone G is also a 'marginal crystalline

belt' of similar origin to Zone C. Strong et al. (1974a, b) haQe suggested
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that rocks of the Gander Lake metamorphic zone resu]téd froé metamorphism
of continental fargin rocks along a subduction zone, the existence of which
might explain the wide age span of the granites that occur in the zone.
Zone H, the easternmost of the structural zones to be represented
in Newfoundland, consists. of a basal assemblage of subaeriél acid and
basic volcanic rocks predominantly over]éin by and partially {nterbeqded
with an assemblage of $i1iceous.sla£es and marine greywackes. These
locally have.Precambrian fossi]s preserved in tuffaceous horizons {Anderson,
f972). They are overlain by an assemblage of sedimentary rocks, some with
volcanics at the base, but everywhere containing arkoses and red sandstones
of shallow waf%r origin. The basal volcanics are intruded by granites of
Qarying petrography and overlain uncon%ormab]y by Lower Paleozoic rocks:
Hughes‘;nd Erueckner (1971) suggest that the environment in
which Zone H rocks were developed was a series of volcanic islands.
Further eVidence'suggests tﬁat'some, if not all of the volcanics were
originally calc-alkaline .in nature’(Mq]pas, 1972). .Fhether this necessarily
implies an island arc situation is a,mgtter.of debate, as is the pre§énce or
.absence of continental basement beﬁeath the Avalon. Strong et.al. (1974)
have interpretgd £he volcanic rocks as calc-alkaline in charapter, produced

-

in a Basjn and Range type of environment.

‘G. Statement. of Problem. -
The importance of the development of .ophiolite suites and their
interpretation as fossil oceanic crust and mantle incorporated into

continental margin sequences during tectonic episodes or orogenesis, has
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been made clear by several workers (Dewey and Bird, 1971; Bird and
Dewey, 1970; Coleman, 1971; Moores, 1973).

If ophiolites are to be interpreted as such, a study of them
can give valuable insight into the genesis of oceanic crustal rocks and
their relationship to the mantle. More important, a direct observatton
of the 1ithology, petrology, structu;e and chemistry of mantie rocks can

be made .without the inevitable cost of drilling contemporary mantle or

- relying on random sampling of the man#® in the form of xenoliths brought

to the surface in basalt f]ows

Many ophiolite sequences have been well documented 1n the
literature in the last decade. These include those from the Mediterranean
(Gase, 1968; Moores; 1969; Moores and Vine, 1971; Hynes, 1972' Menzies,
1973; Montigny et al., 1973; Pamic, 1971, Bezz1 and P1ccardo, 1971; ‘
Spooner and Fyfex 1973); those from Turkey and the Oman (Bailey and
McCallieu, 1952; Reinhardt, 1969); the Pacific (S.H.) (Davies, 1971; |
Guillon and Routhier, 1971); and North.America-(Thayer and Himmelberg, 1968;

Upadhyay et al., 1971). vStuBT%s of Tithological relation in many of these

- complexes is hampered by the dégFee of defq;mation, amount of repetition'

and dissection of rock types by faulting, or incomplete exposure. The

Bay of Islands complex, by eomparison, provides an excellent opportunity
to study what appears to be a complete oph1011te suite, with 1ittle or no
removal of stratigraphy or dissection by faulting. The compiex 1s extreme]y
well preserved, atcess is re1ative]y easy and exposure is extremely good

especially in critical areas.

\
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In order to provide §ome answers ,to qﬁestjons concerning the
properties of énd relationships between the various ophiolitic 11£ho]ogies;
to determine re]ationshfpé between the ophiolite suite and the surrounding
rocks; and to apply such re]atianships t9 modeis for the development .of the
Appalachian belt in Newfound]and; a programme’of regional mapping and |
sampiing and subsequent petrochémical analyses was cérriediout. |

Some resuits of this work have already been published (Williams
:'and Malpas, 1972; Malpas, 1973; wil]ipms, 1973) and others are in press
(Malpas and Strong, 1975). During study of the Bay of Islands complex,
direct comparisons were méde Wifh type ultramafic complexes elsewhere.
Field and 1abo}atory work~have been carried out on rocks from the Lizard,

Cornwa]l, a classic h1gh temperature peridotite 1ntrus1on (Green, 1964),

the Troodos Complex ana associated rocks on Cyprus (Gass, 1968), a classic

ophiolite sequence; and on the layered sequence of Rhum, Scotland (Brown,
]956). Such comparisons -have led to reinterpretations of the geology qf
these areas and in the nature of the genesis of ophiolite suiggs (Malpas,

Stevens and Strong, 1973; Strong et al., in press).

1

&

~
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CHAPTER II -

GEOLOGY OE WESTERN NEWFOQUNDLAND
3

A. Introduction. ' ‘

Precambrian basement inliers in western Newfound]anﬁ are overlain
by autochthonous Palaeozoic cover rocks which are themselves locally
overlain by allochthonous sequences or klippen pf Palaeozoic¢ clastic
sedimentary -and igneous rocks (Fig. Ila). - o

| Vo ‘

B. Basement. . )

4 Grenvillian basement rocks in western Newfoundland are referred
to the Long Range and Indian Head Range Complexes. Genera]1y the poly-
deformed gneisses and échist; and asdociated anorthosites ;ﬁd foliated
granites on the Northern Péqinéu]a occur in domes or faulted blocks, which.
appear t? have acted as stable blocks &uring Appalachian orogenic events.
Pringle et al. (1971) obtained a Rb:Sr whole rock age off1130 + 90 million
years, énd a K:Ar biotité.isochron age of 840 + 20 mf]]ion years, for the

foliated granite plutons. These dates fit into the Grenville pattern

suggestéﬂ by the geo]ogy The ‘basement was intruded by a north-trendihg

Jn

tholeiite diabase "dyke swarm which acted qs feeders to the Eocambrian

L1ghthouse Cove Formation on Bel]e Isle and _the Cloud Mounta1n basalts of
the Northern Peninsula, with'which they show petrographic‘and chemical
simi]arity_(Wilfiams and Sfevens, 1969; Strong and Ni111ams, 1971; Strong,
1975). A K:Ar date of 805 + 35 million years for the d1abase dykes led

Pring]e et al. (1971) to suggest that a nonsequence existed between the

-Lighthouse Cove Formation and the over1y1ng lower Cambrian sed1ments

Stukas (1973), however stated that this convent1ona1 age was a resu]t of

~~
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. C. The "Autochthonous Succession.

‘ z
‘sequence in western Newfoundland is shown in Fig. IIb...

O
»

contam1nat1on with s1gn1f1cant quaﬂt1t1es of rad1ogen1c argon, and

obta1ned an age of 621 + 6 m1111on years for the dykes, using the A?/39Ar'

-

' techn1que, a result more in accord w1th the stratigraphic interpretations

of Williams and Stevens (1969). - ' (.

- -

The autochthonous cover to the Grenvillian basément,.ranging 1;\\

"age from early Cambrian to middle Ordoviqjan, can be broadly divided into

three units. The bottom unit of mainly sandstone and shale is succééded P

by a middle limestone unit, and an upper unit consistiné mainly of flysch

deposits. A generalised section of the Cambro-Ordgvician autochthdnousk/
. 4 ‘

i) . Lower Unit ~ e

At the base of the Tower unit are rocks of fhe Bradore Formation,
consist{ng_of conglomerates and quaftzifes oyer]ain‘by cross-bedded, ripple-
marked, iron-rich arkeses and mafic volcanics (Ni]]iams'and Stevens, 1969).
These sediments are scolithid bearing. In nds}hern Newfoundland these
successions unconformably over]ig the Precaﬁbr;an basement apd thicken
eastward. The Fonteau Formation, composed of 1imestones, sha]esfand siity‘
dolostones, o;erlies the Bradore Formation conformably. S{lfy dolostones
of thé lower Fortéauvformation gradé upward into oolitic 11méstonés
containing 'reeflike’ Archaeocyathid masses (Fong,‘]%gég.

Current. bedded duartz-arenites of the Hawke Bay Formatibh

conformab]y ove?11e the Forteau Formation, and are succeeded by shales,
-@ ’\ P
limestones and dolostones characterised by de§B1cat1on cracks and 1ntra—

formational conglomerates, ‘which h beenfassigned to the C18ad Rap1ds and
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e
Traytown Pond Formations. The upper contdct of this series i§ not defined.
In northwest Newfound]and these formations are in fau]ted contact with the
Lower Ordovician St. Georgé Formation. On the Port au Port Peninsula,, the
March Point Formation, composed of current-bedded, sub-arkosic sandstones,
overlain by interbedded shales andhfimestonés, is of probable age equivalence
to the Hawke Bay formation (Swett and Smft,~1972). The 1imestones are

oolitic and confaﬁn‘alga1 stromatolites and f]ake conglomerates.

w, i) Middle Unit

The upper Cambrian and overiying lower Ordovician rocks are
Tithologically identicél, and can be defined only on.pa1aeonto1ogica1
j;differences. Even this is diff%cu]t sinée fossils are sparse, especially
" in the St George Formation.

The_Mar Point Formation is overlain by 11mestones, dolomitic
Timestones and dolostones of the Pet1t Jard1n and St. George Formations.
The Cambrian- Ordovician boundary is cons1dered to lie 1n the lower part

of the St. George Formation (Swett and Smit, 1972). Trilobite remains

- (Norwoodia sp.) and cryptozoa identify the upper Cambrian, whilst graptolites

(Staurograptus‘sp.),'cephaldpods and brachiopods are present in the Tower

Ordovician (Schuchert and Dunbar, 1934). Limestones and dolomites predominate
throughout the midd]e‘unit, the top of which is marked by about 350 metres

of rubbly limestone, turbidites and shales of ‘the middle Ordovician Table

Head Formation. o ' “\S

* 1ii) The Upper Unit )
., The upper unit of the autochthonous sequence is composed of a -

flysch deposit conformably overlying the Table Head Formation. It was



interpreted by Stevens (1530) as a dista] turbidite_sequence in its
basal portion, being predominantiy well-bedded. and fine grained, but
it passes upwards into coarser grained and thick bedded greywackes,
interpreted as proximal turbidites. These representsan easterly derived,
" westward tranSgreseing deposit which preceded emplacement of the transported
masses. The fiysch, which immediately underlies'tne Humber Arm A]]ochthon;_
was intensely deformed during emplacement of the allochthon. Since flysch
deposits occur within the allochthonous rocks, confusion often arises in
distinguishing autochthénous and -allochthonous f]yseh. In the Port—au4Port
area, however, the autochthonous greynacke is re]atively well preservedu.
Most of the lithic fragments within this greywacke can be matched with rocks
in the Humber Arm ailochthon, detritus froﬁ'the ophiolites being particularly
prominent It is thus postu]ated that the transported masgés formed the
.source of the flysch deposits, during their emp]acement
A similar situation exists in northern Newfoundland where the :
autochthonous f]ysch under the Hare Bay a]]ochthon is referred to the Goose
Jiekle Formation (Cooper, ]937;.Tuke, 1968) and is of Llanvirn age. Again,
the source of most 1ithit‘fragments can be found in the a]]ochthon-but the
occurrence 6f shallow water limestone clasts is a puzzling feature sinee
they have no apparent source in the Ha:e Bay Ai]ochthon
D. %ne Parautochthonous Succession.
Slicesr of carbonate rock, fiysch and chert which are intercalated
between the autochthonous flysch and the .base of the transported rocks were

Y8

1nterpreted by Stevens (1970) as parautochthonous "scales' dragged under
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the allochthon. Most of these are re]ative1y sma¥1 and have not been
investigated in detai]l -Perhaps -the largest and best described is the

Penguin Hills Klippe (Li]]y, 1963) made up of 150 metres of carbonate rock

resembling autochthonous carbonates. e
: - 5
E. Interpretation. . R

The clastic sedimentary rocks of the basal portion of the
autochthonous succession contain pebbles of metamorphic rock, granite“
and blue quartz derived from the basement to the west. The succeeding
carbonate succession represents part of a broad bank that flanked the
western margin of the proto-Atlantic ocean and shows stages*of development
in Seotland and Green]and\as well as in western Newfoundland (Swett and
Smit, 1972). This bank began to sink at the end of the 10Jer brdovician'
when deeper water shales and limestones were deposited. The sinking of
the bank was roughly contemporaneous‘witn the first~easterly appearance
of the transgressing flysch wedge.

Several correlations can be made between: bgg; within the
autochthonous sequence and in the transported succ&?? For example, .
c1ast1c sedimentary rocks conta1n1ng abundant metamorphic fragments are
found in the klippen. Similarly the development of ‘the carbonate bank
coincides with a reduced or. starved offshore fac1es in the transported "
sequence which ‘can be interpreted as caused by a cut off in the western

source terrain by the bank (Stevens, 1970).
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F. Transported (Allochthonous) Rocks.

The dfscovery ﬁhat part of the stratigraphic sequence in the
Pa1ééozoic of western Newfoundland consiéted of transported rocks was
made relatively recently and.é brief review of the stratigraphic nomenclature
f is therefore justified. | |

Schuchert and Dunbaf (1934) described the Humber Arm Series as
part of the confinuous sequence of Lower Palaeozoic rocks lying to the
west of the Long Range. The older part of the series was fouﬁd.to ntain
Midd]e,?rdovician fossils whilst.the youngesf part was assumed to be Upper
Ordovician in age.. The Humber Arm Series was interpreted as a sequence
(1,500 metres) of generally clastic rocks of deltaic ofigin with intercalated
volcanic and intrusive rocks of varying types at its top. These igneods rocks
were named the Bay of Islands Complex by Cooper (1936).

Palaeontological evidence showing that some of the bed§ of very
different lithologies ﬁére contemporary (Johnson, 1941; Kindle and Whittington,
1958, 1963) led to Ehe suggestion tha£ much of the Humber 5rm Series had been
thrust from the east, over the carbonate bank which was essentially of the

!

same age (Rodgers and Neale, 1963).
' The a]Hoch;honous series, both the Humber Arm Alochthon and the
Hare Bay Allochthon to the north, are now broadly‘classified into thnee
sequences. These arej i. a condensed 1imestone-conglomerate and shale
sequence, ii. a clastic succession, and iii. an ophiolitic sequence. It is
thought that all are mostly contemporaneous, both with one another and with
‘the underlying autochthon (Willigms, 1971). Their spatial relationships

before ‘transportation are shown in Figure Ilc.
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-'Figure IIc: Spatial relationship of autochthonous
. and allochthonous rocks prior to transport:
a reconstitution of the ancient continental
margin.
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i) The carbonate suc(ﬁssion'

v The transpor;ed cafbonate éuccessioﬁ consists of coarse
]imestone-cong]omeratés and B}ecéia beds with interbedded 11mestond§§iﬁd
shales Af Middle Cambrian to Middle.Ordovician ége, referred to -the Cow
Head Group. éepause the sequence is relatively thin compared to‘neaéby
autocﬁtﬁonous successions of the same age span, and because the t]&sté
in the conglomerate appear coeval with 1ntérbedded shales csafaining a
trilobite fauna equivalent in age Fo graptolites of the shales, Stevens
(1970) suggested that it represents a deposit fdfﬁ;d at the edge of the

carbonate bank, the latter being the persistent source of the clasts *

(see also Kindle and Whittington, 1958 and Baird, 1960).
B R N ‘W

< ¢

- 11) The clastic_sequence

Stevens (1970) iﬁé]udéd most of the allochthonous, clastic rockse.
of western NewPtundland in his Curling Group. He de]iﬁeates 4 type section
a]bng Humber Arm noting a three-fold division of the Group. These diviﬁions

T are; aj a ]ower quaftzofe]dspathic flysch and sthe'unit, b} a condensed
middle unit of limestone conglomerate, carbqnate flysch and shale, and
c) an upper quaétzofe]dspathic flysch unit. His interpretation of the‘
stratigraphy 6f the Cur]ing_Groﬁp is compared With previous éccounts in .
Table 1. .

a) The lower quartzofe]dépathic flysch unit includes the

Summerside, Meadows énd Irishtown Formations of the Humber Arm Allochthon,
and the Maiden Point and Canada Head Format{ons of the Hare Bay Allochthon.

Green and red sandstones and conglomerates.are overlain by green and red

*slates in both allochthons. The green and red rocks grade hpwards into dark

’
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. . !
caloured shales, ankeritic.greywackes, white_quar;ziées and‘pebb1y_ ‘
. mudétones. Clasts withjn the lower flysch unit.are mafﬁ]y metamorphic '

rock fragments and blue quqrtz grains and appear to-have been derived from
Grenvi]]ian.basemént'rocks. Some rock fragments, such as qdértzites, ’
1imes}ones and mafic volcanics may be matched with 15@er parts of the
autochthonous sugcessioh. The sedimentary rocks in the Hare Bay

A]]pchthon are locally interbedded with volcanic flows and cut by -minor mafic .
intrusions chemically similar to those of the Lighthouse Cove Formafion,'
wh1ch are unknown in the Humber Arm Allochthon.

The interpretation of the lower clastic division of the Cur]tng

Group as a deltaic depos1t {Schuchert and Dunbar, 1934; Stebens, 1965; ,
Lilly, 1963) was. rev1sed by Stevens (1970) It is more probab]e-that the
rocks represent deposits of deep sea turb1d1ty currents The cong]omerates'
_fny tpus represent lenticular deposits fed from submarine canyons. |
Analogous sediments are found-on the present day At]antic.ﬁontinenta] rise
and are termed flysch by Dietz (1963) .
T b) In Humber Arm, the mlddle division of- the Curling Group
includes the Cook's Brook Formation, the Cook:s limestone and the Middle

4

Arm Point Formation. Only one unit of the carbonate flysch division has
)
been recognised in the Hare Bay Allochthon, where it is known as the

Northwest Arm Formation.
The division consists primarily of a predominantly lime-breccia
unit overlain by platy, grey limestone with black shale and rare limestone

breccia. The youngest part of the divisign is made up of green and black

laminated shales. It is of Middle Cambrian to Late Arenig age and contains
' L .



&

i . % |
a trilobite fauna characteristic of the outer detrital facies of a ¥

~ carbonate bank (Palmer, pers. comm. in Stevens, 1970). The succession.

differs from the Cow .Hepd Grodp in the paucity of carbonate congiomeraté,
but it exhibits similar slump and resed1mentat1on structures resu]t1ng in
p]atr 11mestone fragments chaotically d1spersed in a fr1ab1e matrix. The
maJor,part of this middle division probab]y reoresents a period of sTow

re

sedimentation. The regular alternation of shale and 1imestone and current

© bedding suggest a depos1t1on from turb1d1ty currents, a]though no grading

and bottom markings have been recogn1zed The source of these turbidity

currents was most probably a distant s1te of shallow water carbonate

sedimeptation. - . \ o o
c) The quartzofeldspathic flysch unit forming the upper
part of the Cur]1ng Group has been recogn1zed only in. the Humber Arm ‘
,0

A]]ochthon. The unit overl1es the carbonates and sha]es d1achronous]y, .

o]der basal depos1ts being found to the west. The contact is genera11y

marked by up to 350 metres of s111ceous green sha]e with s11ty 1nterbeds
- (Stevens, 1965), or red-green or dark brown cherts. Vo]can1c rocks of

the Wood's Island Member occur towards the base of the sequence in places

’

and associated dykes are known to.cut the'Humber Arm sedimentary rocks to
the northeast'ofnTrout River'Pondt‘ Above the basal rocks 3 thin-bedded

sequence of greywackes and shales gives way to massive, coarse—graﬁned
. .

arkoses, in places with striation§,'fiute marks and-load casts. The f]ysch

mineralogy suggests several major sodrces of the detritus.. M1croc]1ne

granite and soda granophyre fragments must have been derived from a silicic

. intrusiVe terrain; chrome spinel and gabbroic and ultramafic rock fragments

.
.
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" ,were most probably derivdd from ah 0ph1011ti€ terrain and thus may define .

a minimum age fér;the up1%ft and‘erostgn of the ophiolites to the east:
* and sedimentary clasts mepresentat1ve of the 1ower quartzofe]dspath1c
flysch un1t of the aI]ochthon are also~found (Stevens, 1970). The
uppermost }30 meters of c]ast1c material, be]ow the contact with the
ph1o]1tes, are separated from the f1ysch by a thick and s1gn1f1cant 1&3
me]ange zone. In some sections the upper. f]ysch un1t may be comp]ete]y
replaced by this meTange which then rests d1rect1y on ‘the middle division
. of carbonate, flysch Stevens (1970) 1nte{prets this me]ange as an
o]istostrome derived from an oversteepened\delta.front-which‘Was '
“subsequently deformed by the overriding ophiolites and cpt by a regional
‘cleavdge. - '
The upper quartzofeldspathic flysch unit occupies an important
position r:éiona11y in thet it indicates a transition between eastward’

sediment transport from craton to eugeosynciine and westward transport

from uplifteﬂ eugeosync]ina] material towards the traton.

’
L ¥

111) The oph1011tes ' ' Y \

. Th1ck oph1ol1te sTices and assoc1ated rocks were thrust westward

over the.transponﬁgd clastics and form the Upper division of the’ Humber

\I

Arm and Hare Bay A]]ochthons These s11ces are cons1dered in more detail

'1n Chapter I11.
A strat1graph1c ana1y515 of the sup%rposed successions descrlbed

'above.suggests their 1nterpretat1on as 1ntegra1 parts of a cont}nental

terrace wedge, and continental rise prism (Stevens, 1970). According to

@ model, the ophiolitic slices represent oceanic ‘crust ;and mantle that



. origina11y‘liy east of the continental rise and were 1ater.transported'

..34-
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westwards (Fig. TIc). 3

Fo110w1nq the emplacement of the allochthons, dep051t1on in

Zone A was.continued, but is represented only by the Middle. OrdOV1CT6n

Long Point Formation, the Upper Silurian-Lower Devon1an,C1am Bank.

w4

Formation, and local occurrences of Mississippian 1imestone and

" sandstone. Although it is difficult in places to distinguish between

autochthonous and allochthonous f1y§ch, in Port au Poft the Long Point
Formatign clear]y over11es the allochthon unconformably, whilst fyrther
to the d@%t similar rocks overlie autochthonous flysch. These
re]at1onsh1ps define a Middle 0rdby1cyan upper time 1imit for the

emplacement of the allochthons.

T“
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CHAPTER 111

THE UPPER THRUST SLICES

) . . ! . .
\ . i . ’ . -

..A. Introduct1on

The 'Upper Thrust- Slices' ,are a number of 1nd1v1dua1 sheets
const1tut1ng the oph1o]1te sequences‘ descr1bed by Stevens (1970) as

forming the upper parts of the allochthonous terra1ns in Humber Arm and .

.Hare Bay. The sllces are made up of Lower 0rdov1c1an and possibly older

7

igneous ehd metamorph)c.rocks, only. some of wh1ch are cJear]y ophiolitic.
jpﬁﬂumber Arm.&§1!mp1ete ophiolite sequence is preserved in the hjghqst
slice.. At Hare Bay, the hjghest slice is composed of peridotite and
represents the remnants of an ophioTite sequence. !
Iq‘humber Arm, rocks of the Upper'Thrust Slices can be:
suhdivided into four distinct rock groups. These are: _(i) the
Skfnner Cove Formatioh,‘(ii) the 01d Man Cove Formation, (iii) the
Little Port Complex, and (iv) the Bay of Islands Complex; apd each is
represented;in a separate slice (Williams, 1973). Structural slices
that, are gbmposed of the sehe rock group have been referred to as slice
assemblages by Williams (1973). ‘Thus the four rock groups ahove define

four slice assemblages, and in eath case' the slice assemblage is
. . - - .

"Pdesighatedtby the same name as the rock group that constitutes it. The )

9 -

Ski gigr Cove, . 01d Man Cove, Little Port and Bay of Islands slice assemblages
kAN ‘ -//‘\\‘. . ' -

in most places lie directly upon transported sedimeritary rocks of. the .

£ur11ng Group, but 1oca]1y they , 11e upon ‘one another, everywhere ma1nta1n1ng

a cons1stent structura] stack1ng order Th1s stacking order is from top to

/
\.,

. - LD
. o
. ) r
e T 2R
. )

~ e - \/
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TOP:  The Bay of Islands slice assemblage <
The Little Port slice assemblage
‘The 01d Man Cove slice assemblage

BOTTOM: The Sk1nner Cove slice assemblage

L anq the relationsh1ps between the assemb1ages can be depigted
diagranpat%ba]]y as_in Fig. Illa. Thus, the Skinner Cove slice
assemblage everywhere 1ies on Humber Armhsedimeets; the 01d Man Cove -
slice assemblage lies upon the Skin.ne.r Cove slice assemblage; f.he
Little Port slice assemb1age lies ﬂpon rhe 0ld Man Cove slice assemblage
{or strUeturalTy Tower s]ice.assegg1aqes); and it is e1ear that if the
Bay of Islénd;'s]ice had been transported a‘litt1e further west it\bould
lie Tocally upon the Littile Port s]ice‘assemb1age'(e.g. fear Trbﬁi River).'
There are no known reversals of this stacking or@ervin'the map area. v
B. - The Skinner Cove Formation. '

i) Outcrop and distributibn

A

The Skinner Cove Format1on contrasts sharp1y w1th the other

v

rocks of the area and defines a s]uce assemb]age wh1ch occurs west ofwihe

& ! ‘e

ng/_ ma1n ophiolite \gssemblage, at three major 1oca11t1es The slice assemblage
?s the lowest 5& the stack1ng order of the ;upper tgpust slic®s'. Tbe- ‘5&.

type outcro‘b area of’ the "Skinner. Cove Fonna'f.!‘on is at Skm% ‘gove (Fig. '? oo
¥ .
11Ib; Plate Ia) wheré’rock types of the assemb]age crop out over an area

_approximately -9 km3~long and 1 km wide. Other. occurrences are at

Chimney Cove aﬁd Beverﬁy Head to the south. wthher the three occurrences

represent ghe remnants of a once continuous SIngle s11ce, or a number of

separate s]1ces at the same structura1 1eve1, is debatable. Outcrops of
< : _!b )

& ) -~
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Figure IiIb: GJo]ogicaI Map, Bay of Islands
Region (In pocket).
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volcanic rocks just east of Trout River (Plate Ib) end east of Chimney
Cove suggest a bossib]e continuation of the Skinner Cove Formation

" under the overridjng slice. Alternatively, these may be deeached blocks
deposited in chaotic sediments of the transported cTastic sequence by

the overriding Skinner Cove slice, during emplacement. - :

ji) Lithology '
The Skinner Cove Formation consists of steeply dipping'pillow
Iavas; with interbedded basaltic pillow bretcias,‘agglomerates, aquagene
tuffs and red and green laminated siltstones and shales (P?ateS'IIa‘and
IIb). The tuffs and sediments exhib{t graded bedding and stump features
in places, but the:agglomerates are re]ative1y~poor1y sorted and there
is a considerable rahge in the size of fragments and blocks (Plate IIIa).

L)

Fossils recently discovered by A. R. Berger (Acrothretaceans cea) in

the sedimentary sequence indicate a Tremadocian age for- these rocks.

Calcium carbonate cements the coarser tuffs and pillow breccias and

5150 fills vesicles and interstices in the p{llow lavas and scoria
“(Plate IIIb).- The presence of th&§ calcite, in some cases forming up
toIBO% of the p111ow breccia often defines bedd1ng w1th1n the pyroclastlc

%

rocks (P]ate IIa) It also makes the Skinner Cove volcanics qu1te‘.h
d1st1nct “from volcanie rocks of the main oph1011te sequence and. suggests™
a different (sha]]ower’) env1ronment of depos1t10n. In places Fhe
volcanics are cut by massive diabase dikes with well develepeé chilled &
marg1ns (Plate IVa). Both the volcanics and the dikes wh1cgrtu£\{hem
appear to be very fresh in comparison with the other rocks of the h1gher

structural slices.
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ii1) Minera]ogyziﬁd chemistry e 3

Although apparently fresh in hand specimen, in thin section

the volcanic rocks range ‘rom_extremely altered to almost unaltered.

. a) Porphyr1t1c basalts: These conta1n.betweea 35% and
45% euhedral to subhedral phenocrysts of plagioclase and t1tan{;erous
augite ﬂaverage dimensions - 1 mm long axis) in equal amounts, and. |
Tesser amounts 'of olivine set in an aphanitic matrix (Plates iVb and
"Va). The plagioclase in most cases averages An,. (andesine) in composition,
although it may be zoned from a core of approximately An45 to rims of l
approximately An32~(P]ate Vb). Crystals qf-p1agioc1ase which are
fractured and exhibit sieve textures and chequerbqard tw1nn{ng are not
yncommon {Plate VIa). The titanaugite is pale-pink to dark-pink pleochroic
and commonly zoned, being more titanium-rich towards the rims (Plate VIb).
Olivines are of high magnesium content (Fogo‘from 2V measurements) and
nd zoniﬁg has been recognised. On the basis of this minera]ogy, tﬁe rocks
have_been csgssified as ankaramifes (Strong, 1974), |
The matr1x consists of p]a910c1ase m1croqrysts, some augite '
and o]1v1ne and dusty dggnet1te which in p]aces forms well deve]%ped
euhedra] m1crocrysts In some sections (Plate VIIa) 1nterserta} glass,
rich in opaque oxides, 1s preserved and shows a development of” p]ag1oc1ase
‘crystallites. Segregat1on vesicles are filled w1th.séEondary calc1te,i
pumpéllyite and rarely c11nozo1s1te, and quartzlpccurs as growths along
fractures where alteration has proceeded to a cons1derab1e degree,

chlorite replaces pyroxene, serpentlne and 1dd1n3§1te replace o]1v1ne,

and clinozoisite and sericite replace ferspars. The olivine is generally

€















" some rare K-feldspar phenocrysts, tistaniferous magnebite and olivine

-1ndeterm1nable . “ L *
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comp]ete]y pseudomorphed by iddingsite (Plate VIIb).

Basalts and basa1tic scorias have been co}ibcted, both
containing amoynts of brown—b]ach glass with plagioclase crysta11ites
A considerable number of the ves1c]es in tHe scoria conta1n calcite,

and quartz and pumpe11y1te are dlso present

N

b) Non—porphxritic f]ows: Non-porphyr%tic or'sparsely

4porphyr1tic flow rocks composed almost entirely of plagioclase, but with

! e

microphenocrysts, and disp]aying well-developed fluidal plagjoclase
textures (P]aterIiIa) have been termed trachytes (Strong, 1974).

F1ne gra1n size makes the compos1t1on of the p]ag1oc1ase opt1ca]]y

Pl ) . L N
Strong (197 4) presented ana1yses for a series of sampTes'Which-

indicated the strongly a]ka11c nature of the Sk1nner Cove vo]can1cs

(Fig. IIIc) The chem1ca1 ana]yses wh1ch show a high: concentrat1on -

of large cat1on trace e]ements support an 1nterpretat1on of a cont1nuous

-~

; petrogenetLQ ser1és from ankaramlte to trachyte A]though 1t cou]d be

ar%ged that secondary ca1c1um carbonate has contr1buted to the under-
~
saturated nature of the norms {in that CaO was used to calculate part ‘

‘_of the normat1ve aug1te) CO2 contents are not part1cu1ar1)eh1gh and

-

_there appears to be, no direct correlation _between C02 and CaO contents

of ana]ysed $pecimens, suggesting’ 11tt1e_contam1nat10n by vein or vesicular
carbdhate'(Strong;'persona1 communication, 1974). ‘
Lo » N .

[

iy) S1gn1f1cange - KN

\ o
s. The foss11 ev1dence suggests that the Skinner Cova vo]can1cs

' were formed at the t1me 1nferred for the format1on of *the oph1ol1tes

' . . .
o . = @ ) &
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Variation diagréms for Skinner Cove volcanics
(after Strong, 1974).

a)

b)

c)

Total alkalis vs silica (Hawaiian alkaline

~and tholeiitic trends indicated. Solid Tine -

Skinner Cove regression).

Mg0 vs.FeO S - Shoshonite
- CA - Calc-Alkaline.
. A - Alkaline ‘.
T & Tholeiitic
‘ . -
F.M.A. (Hawaiian alkaline - tholeiitic trends
indicated).
Ry
- &
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However, it is clear thet the Skinner Cove basic roeks are chemically
distinct from the Bay of Islands ophiolite su1te Also outstanding is
the total lack of deformation, and the extreme freshness of the
volcanics when compared to the‘polyphase deformation and amphibolite
fecies metamorphism of the tectonically overlying Little Port Complex,
and the burial metamorphism evident in the ophjo]ites.‘

There are a number of exp]anations and subsequeht arguments
which may be suggested for the ofigin of the Skinner Cove Formation and
its relationship w;th the Little Port and Bay of Islands Complexes.

These are:

a) The Skinner Cove volcan1cs represent an off-ridge
“axis suite cogparable to those found on the flanks of modern ridges.
b) The Skinner Cove volcanics are a result of alkaline’ !

~—

_volcanism that took place at the site of subduction of oceanic crust.
:b)‘ The Skinner Cove volcanics reﬁgeseht alkaline
volcanism produced du}ing'conttnental riftihg and break dp} In this
case it wou)q be tikeTy that peralkaline rocks formed part of the
Skinner Cove suite (W. R. Church, written eommunieattdn-with D. F.
Strong, 1974). |
Strong (1974) conc]uded that "the [ava11able] evidence is best
;hterpheted as indicating an off -axis' origin for the Skinner Cove -
~ sequence, produced after the [burial] metamorphism and migration of the
oph1o]1te away from the central r1dge ax1s" and "'.. such an interpretation

\.
is of local 1mportance in that it 1mp11es that the metamorph1c and

4 tectonic features of the Bay of Islands and Little Port Comp]exes were '
. -

-
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p;oduced before eruption of the Skinner Cove sequence, presumably
-at the ocean ridgq.“

The imb]ication:that fhe burial metamorphism of the ophiolites
took place immediately after their formation at an ocean ridge seems .
plausible sincg rocks metamorphosed to similar: grades aré dredged from
present ocean ridges (Melsoﬁ and van Andel, 1966; van And;1 and Bowin,-

1968; Aumento and Loncarevic,\1969 Highly deformed and mylonitised

' ultramafic and mafic rocks from St. Paul's Rocks, equatoria]‘Af]antic,

have been descr1bed by Me]son et al. (1972) as forming dur1%§ emp]acement
at the mid-Atlantic R1dge Whether the,complex intrusive, metamorphic

and tectonic history of the Little Port Complex could havé taken place

in a similar environment, is debatable. If it did, then the deformed

~Little Port Complex might be.expected to have fresh, unmétamorphosedé’ ‘

dikes of Skinner Cove cutt1ng it and.similar volcanics ass ed with
it. If however, the Sk1nner Cove volcanics predate the deformation of
the Little Port Complex, then metamorphosed equiva]ents. f the Skinner
Cove volcanics may actually form part of the Little Port Complex.

The fe]ative]y fresh dikes and pilliow lavas that cut older foliated
“rocks ofithe Little Port Complex are remark%b]y similar in mineralogy

-and petrééraphy to Skinner Cove rocks (see page 42) which would support

- the former argument. .

If the Skinner.Cové volcanics represent a stade in the'ear]y
formation of an island arc, they presumably ar?&g\by-partjal'melting of

upper mantle material at depths in the order of}

- ~
\i?\kms, and intrusjon

W
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.in Tocal tensional zones. Such vo]éanism has begn described for the
eariy formation of the LesserAAnt111es is]ana ar; (Siggurdson,_gz_gi;g
1573) and.Japan-(Miyashiro, 1974). However, the Tremadocian age of
the Skinner Cove Formation from fossil evidence is in conflict with. -
the age of ear;;esf ;;Ebgnisab1e island arc volcanism in central
Newfpund]andt‘ The upper part of the Snooks Arm Formation {Arenig) was
identified as island arc tholeiites by Upadﬁyay (1973) and Ties direcfly
'upgn'ophio1itic rocks that are inferpretéd'as obducted @ceanic crust.
Thus not only do the Skinner Cove vo]éanics appéar tp be qlder than

the apparent initiation of subduction, but are also of distinctl}
diffe;ent affinities (i.e. a1ka1%ne vSs. tho]eiit%c) to those roéks that
date the earliest subduction in cehtré] Newfoundland. '

‘Similayjyﬁ ihé age of the Skinner Cove Formation is not
éorre]atab1e wiﬁﬁ either of the major periods of rifting and tensional
tectonics propo%ed”in mbde1s of the development of Newfound]aﬁd.. The
formation of tée Proto-Atlantic ocean,duriﬁa\@he lTower Cambrian predated
the volcanics ghd\tbai\of.the present Atlantic during the Mesozoic clearly
postdates their format(ion:w
Chufch (personal Eonmun?cation w{th b.F. Sirohgy has mentioned

" a comparison of the Skinner Cove volcanics with other 1a¢é'Cam§rian o
alkaline volcanics in the North At]antic.region in¢luding Spaih and North

VAfrica. Hi§,qu§est analogues are the Reddits hove'gabbro and associateqag‘ ’
- : . o !
dikes 3j/£ge Burlington Peninsula and the Tayvallich lavas in the Dalradiah

of Scét]and. This correlation, however, does not correspond with Graham's /
. - ‘ ¢ / ) .

(1974) interpretatisn of the Tayvallich lavas.as tholeiitic flood basa}{s,‘

. i;', d %ﬁ»_‘." .;‘ /4 T ‘j



- 54 -

.\‘

more comparable to the flood basaits of western Newfoundiand, of
lower Cambrian age. ‘ ‘_

On the basis of available evidence, the wriffr/;heréfore
agrees with Strofg (1974) in his 1nterpretat1oj/oj/the Skinner Cove
volcanics as an off-ridge axis suite, and suggests that they do
probably post-date the metamorphism and deformation of the Little rort

Comp]ex,land almost definitely post-date the burfal metamorphism of the

“ .

ophiolites. Further arguments are discussed fogether with the significance

of the Little Port Group on page 79.

C. -The Q1d Man Cove Formation. . b *

i) Location and outcrop

\3\;_, Polydeformed greensch1sts and minor amphibolites form a slice

assemb]age at Trout River (Fig. IIIb). Th1s slice assemb]age

'-structural]y over11es the Sk1nner Cove Formation and ts itself overlain

to the east by amph1bol1te and~fo]1ated gabbros of the Little Port $11CE
asse@blagé. 0n1y’fwo areas of outcrop are koown, and both. are faulo-
bounded and relatively small in areol extent. To fhe’immediate>north of
. Trout River greeoschists form a thin strio about 2.5 km long and 500 m
wide. The other area, probab]y once continuous with the first, 1fés'to
the south of Trout River and on the coast and is approx1mate1y ha]f that

size. The two areas are now separated by coastal efosion.

.~(f ii) L1tholggy and structure . -

~

+ The 01d Man Cove Format1on consists of po]ydeformed, grey- gngen

~

co]oured schists. Acx1nol1te—ch1or1te—a1b1te schists are dom1nant\§nd
’ e ’ -

have vari ble amounts of epidote, carbonat and biotite. Ihterbeos\of

»

»*
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graphitic-biotite schist and a]bife-muscovite—th]orite psammites occur
and small 1enses of amphibolite, with not more than 10 te 20 cm
dimensions have been recorded. Some rocks are fragmentafy,.a1though
generally only on the microscopic scale. The schists probab1y rebresent
the metamorphqsed equivalents of mafic tuffs. They have been compared

. in metamorphic grade and style of deformation to 'the Birchy Schists of
the f]eur de Lys Supergroup (Williams, 1973).

- Tight isoclinal folds are the prominent structural feature

»

in the greenschists and affect at least one earlier schistosity.

r

Tens1on _gashes are commontkutx1ng across the fold axes and quartz and

‘ca1c1te occur 1; str1n§E¥s and knots in the fold hinges. The tens1on
gashes are probab]y re]ated to strain- s]1p sch1stos1t1es, crenulation-
Cleavages and kink-bands wh1§h are numerous. The stra1n-s11p
séhistosities and crenu]a?ions}are_]ate stage structures and the kink-

. bands represent the youngest fold structures in the rocks: The
amﬁhibo]itic pods ai] have schistose margins represenﬁing retrogressfon \
_of the amphibo1fte Eo chlorite and biotite during the strain-s]ipvfabric.
development. ' | |

A1though.ao,afagina1 1itho1ogiéa1zfeaeres are. preserved, it
. seemE\Phat the schists were drigiﬁa]]y volcanic or tuffaceous in nature.

'Rocks with a fragmental appearance in thin section are rare (Plate VIIIb)

and most greenschists are extreme]y dense and fine-grained (Plate IXa).

iii}) Mineralogy

The greenschists consist dominantly of albite, chlorite and

-

actinolite. +Variable amounts of epidote, zoisite, quarti and opaques’

~
—t
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1
are aiso present, and biotite occurs rare]y in graph1t1c rocks (Plate -IXb).
Grain size is generally small-(less than .02 mm). Variations in grain
size are unlikely to represent original sedimentary bedding features
since flattening and recrystallisation during deformation is intense.
Albite and quartz ferming veins and segregations display lobate

sutured grain boundaries and undulose extinction (Plate Xa). Other

minerals are fine}y-ihtergrown and in the .case of platy or long prismatic

forms may parallel the'main schistosity.

iv)'51gnificance

Within the slice groups, greenschists are .only found in the
Ole ﬁ;n Cove Formation, and fo§%ieg part of the euredle of the Bay of
Islands Complex. The resemblance of these two occurrences to one another
in metamorphic and structural style suggests that the 01d Man Cove
gr:ensch1sts might - represent aureole rocks that became detached from
the ophiolite slice during transportation and incorporated.in the stacking
order as a-slice assemblage of their own. Their position directly beneath
the Little Port Complex slice suggests that they may a]ternati&e]y rebre;ent
a basal aureole of.thaf s]ice,uwhich became effectively detached during a
late stage of emplacement.~ The. lack of a mélange zone between these two

slices could indicate a small relative distance they must have travelled:

As an alternative to their derivation as dynamothermal aureole

~rocks, the greenschists may. be transpprte%)ﬁquivalents of part o?/ihe

Fleur de Lys Sﬁperg}oup. In this case, the rocks may or may not have
been deformed by processes related fo the obduetien of the transported

ophiolites. Kennedy (1973) has suggested that the déformation of -the -

Pl
e -
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Fleur de Lys sediments and valcanics took place.in the late Cambrian ‘to
Tremadocian during closing of an ear]y'Cambrjah”margina1,ocean basin.

Swinden and Strong (in press), Bursnall and Dewit (1975), and
v . ¢ o

Smyth (1973), :EerEr, suggest that the Fleur de Lys was deformed in

the early Ordowcian during the first stages of obduction of the ophiolites.

In this case, transpprted equiva}ents of the Fleur de Lys: i.e. the 01d Man
Cove Formation, may be considered part of an accretion méﬁange as described
by Karig 11971, 1972). The respective models are discussed further in .
Chapter VII.

0. The Little Port Comp]ex.

i) Locat1on and outcrqp

-~

The L1ttTe Port Comp1ex structurally overlies sedlmentary rocks
of. the Humber Arm sequence in most p]aéEs. From Bonne Bay, soq;b to. . .'
Ch1mney Cove, the complex is representeq by & single §11ce In the

Lark Harbour area, a number of superposed slices exist within the comp1ex,
’

~separatgp by mélange zones, and smak1~detached masses overlie quartz1t1p

sandsfones just east of Litt]e Port. The €omplex is known to continue

south of the map area _as far as the mouth of Serpentine R1ver

. -\\\ ii) Lighology ' )

' . . . ( .
Generally rocks of two diffetent, although not necessari]y

widely separated, ages are represented in the L1tt15p{ort Complex. The

first 'group consists of gabbros, amph1bo11tes and quartz- d1or1tes ‘which

are all highly deformed and metamorphosed. These are cut by dikes which

feed volcanics, both of which are relatively unmetemorphosed and do not”
' ' te ‘\ . )
exhibit tectonic fabrics..
' -
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Gabbros and amphibolites have tectonic fabrics which are nearT9
everywhere‘we11 developed. However, the'tectonic fabric, although-
generally parallel to original layering indthe gabbros, does not always
obliterate it. Similar gabbros in the area display 'sedimentary
’ ~‘;tructuresi such as mineral grading'and cross-bedding (P]ate Xb) The
g tecton1c fabric has also been observed c]early cross-cutting early '
"1gneous ]am1nat10n and may itself show s1gns of refo]g‘ing. Poly- deformed

anphiboliteé are well developed in ;ome regions (e.g. Big Cove, Fig. IIIb)
but no regular pattern in the intensity of'defbrmation has been identified. X\

?

Uttramafic rdcks occur sporad1ca11y in the Little Port Comp]ex f
as small masses and pod-like bodies wh1ch in some cases are def1n1te1y
intrusive jnto surround1nghrocks. The u]tramaf1c rocks range frmnf
dunitic to wehr]itic'in‘cOmposition, and may exhibit mineralogical banding.
This banding is generally paralle]-tolthe major tectonic fabric where
.the latter is best developed cTose to the marginé of the bodieé

Quartz d1or1tes cut amphibolites, and 1ntrus1on brecc1as are
developed on their marg1ns MaJor outcrops of the quartz-d10r1tes occur.
north of Trout River, east of Ch1mney Cove and,1n the Lark Harbour region:
The quarta-d1or1tes are deformed together with the,amph1b011tes and form;,
‘bodies with long axes paraliel to the reQionaT strike of the-Little Port'”
Complex, and to the orientation of the major fabr1c in the gabbros Thef |

bodies are 1ntense1y brecc1ated in places, espec1a11y where cut by 1ate

“basic dikes: R S

. . . ' . - l..‘ J‘p ) * ‘.
, The diabase dikes are .locally sheetEd; with chilled margins

against adjacent dikes.. They appear(always to be post-tectonic, and
. S . ‘
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cut foliated gabbro, foliated quartz-diorites and mafic volcanics with
which they are associated:. However, they are almost always altered and
internally bre;ciated Gwill{ams and Malpas, 1972). Concgntratfons of
“sheeted dikes occur along marginal- outcrops of amphibolite northeast
anh;southeast of Trout River village. . |

The dikes feed tuffs, breccias and pillow lavas, which are

* Juxtaposed with the deformed rocks. Although the volcanics are generally

mafic; some quartz-porphyritic rhyolites are exposed south of Trout River.

> The mafic volcanits, like the dikes that feed them, may be quite altered.

ii1) Mineraiogy

. Modal ana1xse§ for the major rock types found in the Littﬁe

Port slice aéséﬁb]aée appear in Table II.
.a) Amph%ﬁg}gtes: The amphibolites are of variaﬁ]e grain
size and compositioq. They are primarily composed of horpb]ende and
p]agioc]asé. Other common minerals ddé]ude spﬁene, qﬁartz,-calcite,
chlorite, sericite, epidbte, zoisite, maénétite, gpétite and rarely garnet. -
Most amphibofiteslcontain 50-60% amphibole, but sbmé, especially
in ﬁy]onitic zones, contain up to 90%. The amphibole is invariably
green-pleochroic hornblende showing.thg'fol1owing pieochroic scheme:
¢ o straw-yellow; /9 yellow-green; ¥ olive-green.

An average 2V4 of 900'SUggests that it is ngnesium-rich (Deer et al.,
1963).' The'ﬁqrnblende defines the major fabric in the schistose rocks
which ha's locally been folded into symmetrical fd]ds w}th amplitudes
restricted to a few cm. _ The feldspars have generally stiaigﬁt boundariés

especially where in contact with the hornblendes. GeneraT]y’they tend

\(,. - o
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towards a po]igonaT triple-point texturé and gré reTativeTy fine grained.
Large 'porphyroblasts' of ﬁ]agiocfase are 1o;a11y present and have
éranuTated bbrders and d{splay 'shgﬁow pressure récrystaf]isation'
(Comeau, 1972). The‘p1agioc1ase is of cdmpo§itibn Ango—Ahss.

e .
Zoisite is quite widely developed as a matrix mineral and forms

by alteration of the feldspar. Calcite and sericite are widesﬁread and

common matrix minerals, and calcite is also found in late veinlets.

b) Gabbros: Gabbros are commonly banded and often disp]éy

a penetrative tectonic fabric. Massive, non-banded varieties are
re1anve]y rare, but where they occur, they range from ﬁediumlto coarse
grained, with average crysta1 sizes from 1 to 3 mm. Locatiy,. however,
very coarse grained pods and étringers attain crystal éizeéAof 6r12 cms.

The gabbros rangé in composition from troctolite to almost
pure anorthosite in the banded vaf%eties. Locally rare quartz-gabbros
are p;esent. Density grading, stump-structyres and crossfbedding features
reflect the cumulate nature of th;\azﬁbros, and cumulate textures are
observed in some thin sections. The main consti;uénts of tﬁe gabbros are
plagioclase (An67-An80), ang diallage clinépyrox%?es, both of which show
" * varying degrees of aTteratiBn. Amphiboles, apétite and ‘magnetite are
important accessories and minor olivine and orthopyroxé;e,have been
recorded. The orthopyroxene generally occurs as exsolution iameliae in
the clinopyroxene although indivﬁduai crystals of primary orthopyroxene
" have been reporteéd by Comeau (1972). )
The banding in many gabbros is the result of the diffgrent

relative proportions of the major minerals. The anorthositic bands

-
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generally have less than 10% ferromagneéfan minera]é and the most
maficbands have up to 60% ferromagnesians. In the banded varieties

a parallel alignment of .the plagio&lase is common, suggesting a priﬁary

igneous lamination. However, since a penetrative tectonic fabric is

also oftgn developed, the igneous lamination is generally masked, The

plagioclases”in this case tend to develop a polygonal or pseudo- ' J
polygonal fabric when in contact with one another. In the most highly

deformed varieties, the plagioclases are flattened and form augen around

the amphibolitised pyroxenes. Complete recrystallisation is evident in

—
{

—-

the mylonitic varieties.

* s

In the ophitic varieties clinopyroxenes are generally much '

larger than the plagioclases théy surround and exhibtt-well developed
dié]lage parting. zThe clinopyroxene is often altered to amphibo1e,-this
a]teratibn takiﬁg the form of complete'reblacemené by hornblende or
actinolite, or partial replacement along partings and around rims,
leaving partia]]y ufa]itised cores. In one massive non-banded sample’
(19871 1in fable IT1) Tocated south of Trout River, large poikilitic
hornblendes from 1 to 3.mm in size include sauss;rifised plagioclase
crystals (Plate Xla). \The hbrnb]enQe exhibits good cleavage traces in
basai sections, Put thése sect%ons~disp1ay shapes typical of pyroxenes.
The hornblendes are often twinned and show undulose extinction. In one
case, remnant clinopyroxene has been noted in the hornb]ende (Plate XIb).
It is ﬁherefore likely that the hornblende has replaﬁed pyroxene,
although it gannot be ascertéin&& if this was a deuteric or later static

metamorphic process.
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Olivine, where present, is re]ﬁtive]y fresh, with only
marginal alteration to iddingsite, and displays good pb]ygonaT fabrics
when in contact with other oTivEne-crysta]s. fi’;:

. Magnétife is c1ear1y preéenp as both a primary cumulate phase
and as a secondary mineral. The cumulate magnetite is often contained
in plagioclase and é1sewhere forms Tayers'para11e1 to the banding.
Where an alteration product, the magnetite shoﬁs symplectic intergrowéh

textures around clinopyroxenes.
. A

c) Quartz-diorités: The quartz-diorites are dull
pinkish-white in colour on fresh surfaces and weather a chalky yﬂité.
In the_]arger maéses‘fhey are genéral]y.medium to coarse grained but
in small stringers within amphibolite may be pegmatitic. Locally the
quartz-dipri;es are crushed and fragmenfed to a much finer grain size.
Pink aplite dikes.are common. '.

The quartz-diorftes:are composed 6f quartz, élbite/o]igoc]ase,
and minornK-fe]dspar,_and mafic minerals include brown or green
horanendé and brown or green biotite (Plate XfIa). Apatite and
magnetite are common ¥ccessory minerals. A]most:a11 plagioclases are
soda-rich (An]o-An30) and ére normally euhedraﬁ. Twinnfng and oscillatory
zoning evident in some crystals may be almost completely destroyed by |
alteration and fracturing in o;hers. Crystals are of 1-2 mm ?verage
dimensions, although there is considerable variation in size where
Qranu1ation is more intense (Plate XfIb). Quartz crystals are generally
the same size aS the feldspars. Stresged quartz crystals are characteriséd

by fracture zones, especially where internal expansion of chloritic
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iﬁc]usion;\has taken place. Lobate quartz grains are intergrown and
exhibit contact solution features. In some cases the bfecciated diorites
are indistinguishable from arkosic sediments. In these defoFme&
varieties the quartz and p]ggioc1ase-exhibit unduﬁose extinction, and <
the products of fhelbreakdown qf the larger crystal boundaries form'a
finé-grained groundmass. The boundaries of the larger crystals and
crystal aggregates are often marked by oxide staining (Plate XIIla).
Feldspars and ferromagnesian minerals show appreciable - “

alteration. The alteration 6f the feldspars is_main]y-saussuritisation,'
rgf1etted‘in the development of fine grained epidote and zoisite. This
alteration may mask origin§1 zoﬁing and twin pTanes. The ferromagnesians
are generaliy altered to light-green/colourless pleochroic chlorite.

_ d) U]tré;afic rocks: Ultramafic rocks occur as small
pods and dike-1ike masses within the ampﬁﬁbélites and mylonitised .
“amphibolites of‘ththTttle Port Complex. The largest exposure is 150
" metres wide aﬁd occurs at 1400 Brook in the 0'Dwyer Mountain slice near
Lark Harbour (Comeau, 1972). -Smaller d?ke:like masses also occur in
this slice. In every case the ultramafic rocks either intrude or abut
againsifmy1onitié gabbros or amphibolites. Sha]l ultramafic pods occur
| .along the coast just north of‘Trpdt River (Plate XIIIb). These appear
to intrude amphibolitised gabbrog, and markedly cross-cut a mineral
banding in the basic rocks.

Primary mineral banding is present in most of the ultramafic

-

rocks and individual bands vamny from a few centimetres to tens of

centimetres thick. The outer parts of the ultramafic bodies are
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’ 7
generally deformed~and sca]y serpentine and talc are deve]oped
Tectonic fabr1cs decrease in 1ntensxty from the margins towards the
centres of the bodies and, where deve]oped parallel thé 'igneous'

- .-

" banding.
?Fe ultram&fic rockgrmay be classified as wehrlites with
minor dunitic patches.. In thin section, olivine and clinopyroxene are
seen, to Qe the major constituents. Diallage clinopyroxenes locally
form augen and are broken and gfanu]ated:l Dia]]age'pa;tings are
harped‘and rotated into the tectonic fabric. In some areas ‘granulation
is intense and ;]traméfié mylonités aré formed (Plate XIVa). However,
comp]ete recovery textures are rarely ‘seen, and 1rregu1ar grains of

011v1ne with magnet1te in fractures are common. Green sp1ne1 forms

an important accessory mineral -in the ultramafics.

e) Dikes and vo]capics} The Little Port Complex contains
mafic dikes that in many.p1aces are brecciated. The dikes are apparently
mo;tdﬁbunqant at steep contacts between‘the é%%%atad/gabbros'and qﬁ;rtz-
diorites and mafic volcanics. . Brecciatiqn of the dikes is intense along
these zones, and makes it Hiffiﬁu]t to distinguish betweer-dike rock and
volcanic Breccia. Locally, the dikes are sheeted and occﬁr in-sets of
five to-ten. They vary-in.w%dth from 1.5 metres to 6 metres and have well
developed ch1]]ed margins (Williams and Maipas, 1972).

~In’ th1n section, the d1abase d1kes of the Little Port Complex
appear relatively fresh and unaltered. They exhibit well preserved
subophitic or diabasié texture. \Eﬁb

ite partially encloses plagioclasé,

and shows some alteration to chlorite and rarely actinolite. Generally
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the pyroxene crystals are 0.5 mm max1mum d1mens1on P]agioc]ase

(An45 55) occurs as lath -shaped crysta]s which are generally c1ear
and unaltered. Epidote 1nc1Usﬁ\hs“have rarely been noted. Porphyriti
varieties occur with eﬁuidimensiona] plagioclase phegocrysts generally
3 to 4. m in s1ze,_1n a medium-grained matr1x of p]ag1oc1ase and
chloritised agg1te ‘

The’vo]can1c rocks of the L1tt1e Port slice assemb]age are
mainly basa]ts, basa1t1c andesites and mafic pyroclastics. More acidic
rocks, in the form of rhyodac1tes, have been found in only one locality,
south of Trout River village.

Flow rocks are generally basaltic andes1tes; and exhibit
pillow features They may be massive and aphanitic or porphyritic, and
contain various proportions of amygdules. The scorias and pyroclgstics
are generally more basic and contain significént amountkiof g]&ss.

In thin section, the volcanics exhibit intergranular, or
rarely Qpﬁitic, textures. Augite and p]agioc}ase occur in rough]y'equé]
amounts, and olivine, sphene,magnetite and pyrite are common accessories.
The pyroclastics may bé considerably rich in o]ivine (10% of mode) and
also often. have aggregations of clinopyroxene. Advanced saussuritisatiog
. of the fe]dspars and ch]or1t1sat1on of the c11nopyroxenes makes m1nera]
compositions d1ffjcu1t to est1mate 011v1ne is everywhere altered to
iddingsife. Prehnite, calcite and chlorite fill cracks and the ygsicles
of amygda1oida1 varieties. Thesé vesicles may be stretche!’iﬁdicating

I’ 4

flow of the lava during vesiculation.



- 72 -

Figure 111d: Plot of alkalis vs. silica for Little Port
Complex and associated rocks.
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) A
Comeau (1972) has mentioned the presence of trachytic textures
in many volcanics although these have not beén observed by the presenf
writer. It seems, therefore, that similarities bétween the;; volcanics
in Fhe Little Portvcbmp]ex, and those of the Skinner Cove Formation are

axtremely strong with regards to mineralogy and textures.

jv) Chemistry ‘ .

A number of rock types from the Little Port Cdmp]ex havé;Beén
vanalyzed and the results are pre;ented in Table i1,
| a) Basic Rocks: Representative samples of the older
fo]jated gabbros, amphibolitised gabbros and of the younger dikes aﬁd
volcanics are comﬁared on a plot of a]ké]ies vs. SiO2 in Fig. IIId.
A]though too.feﬁ7ana]yses are available to make a statistically valid
statement, the fo]]ow1ng tentative conclusions may be drawn.
Lr, (i) The qounger dIkes and vo]can1cs are.more a]ka11ne in

nature than the older foliated rocks whlch they cut They appear to be

. chemically s1m11ar to members of the Sklnner Cove series. They are

aliso comparab]e with the éverage analysis of Troodos Upper Pillow Lavas.
(11) The older foliated amphibolitic gabbros fall clearly
in the tholeiitic f1g]d of MacDonald and Katsura (1964) and are thereforé
probably not related magmatically to the younger volcanics. They are,
however, comparab{e to gabbroié and diabasic members of .the Bay of
Is]ands ophiolite complex.
(ii1) The anomalously h1gh 5102 content of 198—71compared
with-other ﬁébbgos is due to,tggxpresence of secondary quartz disseminated

)
in the matrix.
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TOTAL 9959

Fc203 calculated as 1.5 fornarrative analysis.

not detec

ted

TTLE 1M Cherical analyses of Little Port
Corples Pocks
GG F R A DO &1 A L LA N 2 257)
$i0, 36.93 49.25 4771 57.14 77.36¢  46.07
Ti0, 0.02 0.03 1.26 0.03 0.20 1.15
A0, 0.9 14.40 16.13 12.40 12.10 17.90
Fe,0, 377 1.61 2.42 1.20 0.07 0.98
Feo 2.70 4,38 6.64 5.83 1.75 6.29
Mo 0.11 0.13 0.15 0.17 0.06 . 0.14
e . ALUe £ 9.40 7.80 7 4.00 0.04 7.74
€a0 0.00 14.40 10.75 6.40 0.77 10.50
Ha,0 0.01 1.92 2.06 1.61 5.52 2.78
K0 0.00  "0.02 0.61 1.50 0.72 0.86
P,0¢ 0.00 0.20 0.26 0.05 -0.08 0.20
lgn 15,30 460 4 2.50 7.10 1.70 3.60
TOTAL 10076 100.40 __ 98.49 98.03  100.35 - 98.2)
pom o B )
ir nd 19 99 122, 77 99
Sr nd 133 278 276 15 285
Rb nd 5 8 33 n 13
In 48 54 67 90 32 72
Cu ey 24 139 21 nd 75
Ni 2173 115 92 18 nd 80
Co 45 37 42 32 37 50
Cu '+ 1945 653 235 35 9 245
Cy 87 53 72 54 n 67
. Ba nd 46 - 68 38 101 104
wtl '
Qtz 0.00 2.47 0.00  21.82 41.51 0.00
or 0.00, 0.12 3.72 9.75 4.3 5.37
Ab 0.10.  8.13  25.5] 14.99  47.28  22.43
An 0.00 36.65 29.95 24.40 3.34 35.73
e 0.00 0.00 0.65 0.00 0.00 A3
Cn 1.03 0.00 0.00 0.00 1.04 0.00
(Yo 0.00 15.27 9.75 4.25 0.00 7.49
(Cns 0.00 10,93 5.94 2.06 0.00 4.95
(Fs . 0.00 2.99 3.27 2.12 0.00 2.00
(Cns 16.96 16.11  * 0.00 2.90 0.10 0.00
(Fs 1.27 4,40 0.00 9.14 0.00 - 0.00
“Fo 72.06 0.00. 9,88 0.00 0.00 10.80
fa 5.97 0.00 5.99 0.00 0.00 4.82
Mg 2.55 2.27 2.24 2.39 1.05 2.30
bim 0.00 0.00 0.00 . 0.00 0.80 0.00
In 0.00 .18 2.47 0.06 0.39 2.3
Ap 0.00 0.49 0.62 0.13 0.19 0.49
100,01 99.99 __100.01__ 100.00

100.00
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TAPLS 11T (Lentivied)
s an o desn e
Si0, 47.70 47.70 71,40 71.60
*Ti0, 1.39 1.40 0.23 0.15"
N0, 15.50 15.60 12.20 12.70
Feo0, 2.69 2.70 3.00 2.58
Tef) 5.34 5.30 3.00 2.58
#n0 0.16 0.20 0.09 0.11
M0 - 6.06 6.10 0.86 = 0.63
Ca 9.4 9.40 2.35 2.19
ta 0 -4.00 4.00 4.44 5.32
k0 1.21 1.20 1.32 0.95
Po0g oM 0.10 0.03 nd -
lyn 4,90 4.90 1.45° 1.76
TOTAL 98,47 93,60 101,27 100.57
ppm
Ir 209 & g7 80 62
Sr 227 258 63 106
Rb 10 6 28 17
n 83 . 83 50 209
Cu 72 93 - -
Ni 50 37 - -
o 37 43 - -
Cu 162 9 - -
oy 86 60 - -
Ba 1952 1982 163 -
wt’ ;
iz 0.00 0.00
or 7.65 7.5
Ab .. 27367 27.25
An 22,22 22.51
Ne 4,80 4.83
Cn 0.00 . 0.00
_ (Ho 11.26 N2
Di zEns 6.8 6.73
fs 3.85 . 3,78 .
Hy {[ns 0.00 0.00 .
Tl 0.00 0.00 :
fo 6.55 6.66
Fa 4.0% 4.12
Hn 2.33 2.
Hen 0.00 0.00
In 2.82 2.24
Ap 0.27 -0.25
TOTAL

2 .]‘0.0_' 09 __93.99

Fe 0y caleulated a5 1.5 for rerratise analysis:”

nd:

not detected
not determined
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(iv) The suggestion that the fresh dikesrand volcanics
of'thé,Little Port Complex are coeval and consanguineous with the
sheeted diabase dikes of the Ba}‘of Islands Complex (Williams and Malpas,
f972) now seems unfounded. Instead, a comagmatic re1atioqshﬁp between
the Little Port Complex dikes'and volcanics and the Skinner'Eove volcanics r
is a more 1ikeTy{probabi1ity. This is supported partially by trace
e]ement’cgntents, especially barium. The Little Port dikes and volcanics
and'Skinne} Cove volcanics both have Ba concentrations fanging from
100 ppm to 2000 ppm, significantly higher than the 24 ppm to 78 ppm Ba !
in the foliated gabbros of the Little Port Cbmplex and ‘the Bay of Islands

Complex gabbros.

- . : ﬁqggbmaf1c Rocks: 0n1y -one sample. of per1dot1te from
'the L1tt1e Port Comp]ex has been analysed. A modal analysis of this fock
shows it to be harzburg1t1c, and the lack of clinopyroxene is reflected
in the analysis as a 1ack of Ca0 and normative clinopyroxene. The high
loss on 1gn1tTon ref1ects the high degree of serpentinisation (58%)
characterﬁsfic of the peridotites in the Little Port Complex. Comparisony
. of the Ni/Cr }ayio with ultramafic rocks from the Bay of Islands Complex
ssuggest that the rock ié;not of a cumulate origin (Fig. VIb ). The Hé/Fe
ratio of 5.2 i; also more consistent with tho;e of the hariburg}tic -
tectonites ‘of the Bay of Is1§hds Qdmp]ex (av. S,ol)fthan with the lower

ratio of about 4.2 for the cumulus dunites.

c) Quartz-dio}itesE The three quartz-diorites analysed
(22-71, 2WP and 3WP) can: be c]assified'as trondhjemites on Ahe basis of

_ their normative feldspar compositions {Fig. Iiie). However, plots of
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Variation diagrams for quartz-diorites
Port Complex.
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N§20'vs. K,0 and Sr vs. Ca or K (Fig. IIIej. although showing an
enrichmeﬁt in sodidﬁ over average siliceous igneous rocks, indicate a
deficiency of sodium and strontium when compared with the Kurrawang.
trondhjemites described by Glikson and Sheraton (1972).

. Green and Ringwood (1968) have shown that the least diffe;entiated
acid liquids arising from relatively low degrees of me]tjng of hydrated
amphibolite are typically sodic. The amphibolites of the Little Port
Complex show péftia] melt textures in the form of trondhjemitic veins
suggesting such an origin for fhe‘associated QUartz-diorites. This ]
hypothesis is supported by a lack of associated rock-suites typical of
fractionation processes, a lack of hydrous mineral ph&ses and pegmatites
~and a low content of trace elements compared fo granites‘broauced by |
crystal fracticnation or anatexis of sedimentary rocks (cf. Payne, 1973;.

Payne and Strong, in prep.).

v) Significance

Smith (1958) considered fhe igneous and metamorphic rocks of
the Little Port Complex and Bay of Islands Cémb]ex tégether as part of
one intrusive assemblage. With such an interpretation, it was difficult
to recqﬁci1e the large varfations in metamorphic and structural style
from one paét of the assemblage to another. This di%ficu]ty was no
further overcoﬁe when the transported nature of the rocks was first
recognised, and proved a maior obstacle jn interpreting the whole
assemblage as oceanic lithosphere. However, the recognition of four
distinct slice assemb]agés of igneous and metamorphic rocks (Williams

et al., 1972; Williams and Malpas, 1972; Williams, 1973) removed hajor

obstacles in the geological interpretation of the area. The definition
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of the Little Port Complex as a pdlygenetie\assemblage distinct from
the Be§ of Islands ophiolite suite both resolves problems in attempts
to reconcile the contrasping structural sty]eiggytween the two and
furfher eases the interpretation of'the Bay of Islandé Complex as
oceanic crest and mantle (Wiliiams, 1977).

Williams and Malpas (1972)Jgrew attention to the fact that the
Little Port Complex coufd not be considered a typieal ophiolite suite
sfnce the dikes and volcanic rocks are younger and bear no genetic
relationship to the de?ormed igneous rocks that they cut. The development
of relatively large volumes of acidic rocks also seemed unusual in
comparison with‘simple ophio]ite suites elsewhere. Strong (1974), .
however, conc]uded that rocks of the Little Port Complex represented
oceanic 11thosphere formed and deformed at or close to an oceanic ridge.
This suggested, and subseqpent arguments above support this view, that
the fresh dikes and vo]cenics within the complex representee the off-axis
volcanism better developed as the Skinner Cove Formation. The ecid rocks’
were considered as products of partial meiting of the amphibolites under
conditions of high heét flow. That such conditions might exist at ridges
is also exemplified by the high-temperature “f]aser—gebbro" of the Lizard.
Complex, S.W. Eng]and which has been interpreted as oceanic 11thosphere
by Thayer (1972), Mitchell (1974) and Strong &t al. (in press)

Several workers (éomeau, 1972; Williams and Malpas, 1972; Kennedy,
m.s.) considered that the deformed rocks of the Lité]e Port Complex
represented‘b]der cfusta] remnants caught up in_ the spreading epﬁsode that

resulted in the formation of the ophiolites and during which the younger
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dikes and volcanics that surround the deformed Little Port Complex were
produced. A1l of these workers pointed out the lithological, struétura]
and age similarity of the Little Port Complex with rocks of TQi11ihgate
aﬁﬁ;New World Island in Notre Dame Bay. The analogy is so strong, in that
the deformed trondhjemitic'Tw11lingatg granite and associated amphibolites
are cut by Ordovician dikes and volcanics, that Williams and Payne (1975}
suggest thHat the Little Port Complex c6u1d represent.a sampling of the
A ‘geclogy of the Twillingate areg.

Both the Liff1e Port Complex and Twillingate sequence have
since been reinterpreted by Malpas et al. (1973), Strong and Payne (H973)
and Williams and Payne (1975). The juxtaposition of intensely deformed
amphibolites with fresh volcanic rocks is compared with situations in
present day island arcs where fresh vo]canic§ overlie amphibolitic basement
(Shiraki, 1971; Coleman, 1970; Hutchinson and Dhonau, 1969; Topjsch, 1968).
In this case the peridotites: and gabbros of the Little Port Comp]ex are
presdmably part of the oceanic lithosphere which formed the basement to
the island arc assemblage. Stevens (personal communication) considers tﬁat
the Complex represents part of an accretionary méﬁangeﬁformed in the arc-
trench gab, where it was‘subsequently deformed above'the subduction zone
(Karig, 1971, 1972). In such é case if is difficult to ascertain the
significance of the younE%r alkaline volcanic rocks. Alkaline rocks
generally occur at a distance from the subduétion zone and most oftén during
later stageérin,the deve]opméﬁf of an arc. ' , |

The genetic position of the Little Port Complex is thus, at this

stage, enigmatic to say the least. Further petrological and structural
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studies are at present in progress, and radiometric age determinations

will soon be completed, in attempts to resolve problems unearthed

dyring this and previous reconnaissance studies.

E. Mé&lange Zones.

. Contacts between the upper thrust slices and the underlying
transported c1astics~are well exposed in.many coastal se®tions. Al]l
chntacts are tectonic and generally marked by extensive mélange zones.

e N . v . -
THese mélange zones consist of chaotic masses of blocks of various sizes,

'rahdom1y set in a matrix of either black and Qreen shale or serpentinite.
\

The néture of the matrix allows a division of most mélanges into two

parts. . For example, a thick mé]gnge zone, typical of most occurrences,

is developed between gabbroiq rocks of the Litt]e Port Complex and the under-
lying traﬁspbrted sedimentary r ks.at Bear Cove (Fig. IIlb). The upper

part of the mélange is dominagtly serpentinite, consisting of serpentinised

gabbro aha ultrabasic blocky 1ying in a friable serpéntineAmatrix: However,
the lower part is a sedimeptary mé1ange consisting mainly of sedimentary
b}ocks, but with a few i eoué.blocks, randomly distributed in a b]agk-
green-shaly'matrix. Thd sedimentary mélange grades downwards into the
relatively undeformed diantary rocks.

Similar sedyences of shaly mélange overléin by serpentinite
mélange are found Algng the‘western edge of the Le;is Hills massif, and
the leading edgé é?'the Table Mountain massif. Séréentine_mé1ahges also
occur between the separate slices of the Little Port Cdmp]ex just west

of LarkgHarbour. The number of sepératé small slices of Little Port Complex
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’H}ocké, separated by mélange zores in this are&héuggest that the Teading
_edge of fhe thrust slice was beginning to break up as it was finally

emplaced.

i) Lithology and structure

-

The mélange zones vary in thickness from a few metres to 1b0
metres thick at Wild Cove Brook (Fig. 1IIb). The clasts in most cases
make up between 10 and 30 perceﬁt of the mélange and themse]ves'range
in size from pebbles of a few cehtimetres dimensiéns‘io boulders up to
20 or ‘30 metres long. There is no~inferna1 grading and clast;aof all’
sizes are chaotically mixed. The bigger clasts or 'knockers;‘are' .
generally found in the sedimentary.mélénges where they sit in a shaly
matrix thaf’displays a well developed cleavage: The larger blocks tend
to be angular and tabular and lie with their long axes parallel to the
major (first) é1eavage in the matrix (Si). Many sandétone slabs can be
traced into broken angular boulders. Rounding of many c]aéfs has
apparently taken place by the abrasive action of the matrix during formation,
and the sp1{tting of boulders by matrix injection under high hydrostatic
préssure is evident. Many clasts exhibit slickensides on their §urfaces.

In the serpéntinite mélanges, ultramafic and gabbro boulders
predominape. The ultramafic rocks are completely serpent?:ised.gna have
contributed to the'matrix by shearing and comminution of éhe serpentine
during the forma£ion of the mélange. i
Most mé]anges possess a tectonic fabric (S]) realized as a

cleavage that crudely bara]lek;their upper and lower contacts. This _

fabric is folded by open folds (FZ) with an associated weak.crenulation

- .
hd -
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cleavage (52). Very.often the $; fabric fdgms clear augen around the

~

clasts, and in many cases this is accompanied by the- flattening of the

clasts. In these éases the S] fabric is recognised as a slaty cleavage. 2
ii) Significance <%
- ’ t

The origin and significance of mélange zones has been variously
e _

discussed (e.g. Hsu, 1968; Stevens, 1870). -

Brueckner (1966 and personal communication) suggests that
mélanges represent a regolith after. subaerial mass wast}ng of uplifted
blocks, pointing out the lack of subaqueous sedimentary structures, the
lack of sorting aqﬁ a chaotic strﬁéture reminiscent of tallus slopes.
He eduates mélanges with a form of 'molasse' and suggests that the
deposits represent the precursors of flysch which is laid down sub-
aqueously at greatef distances from Ehe source. The blocks were slumped
into unconsolidated shales and the chaotic structure was thus derived before
+ overriding by thrust slices. The origin of the shale matrix ofwtﬁe
:sedimentary.mé]anges must have Eeen in an area that was traversg& by the

thrust slices. The only possible soﬁrce of similar lith?logy in the Humber
Arm region seems to be the Lower Ofdovician Midd1e Arm Point Formation which
consists dominaht]y of black énd green shale and argillite and buff-weathering
siltstone.

_ Smyth (1973) suggested that the base of the slices of the Hare
Bay Allochthon bear no genetic relationship to the mélange they overlie. |
This is probab]y‘true‘%n the case of the sedimentary mélanges, with a

_variety of clasts, but the serpentinite mélanges are obviously much more

restricted beneath igneous, and generally peridotite, masses. This supports
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Stevens' (1970) conc]us1on that there are two types of mélange; namely

a sedimentary o]1stostrome developed in front of the allochthon
(possibly analogous to Brueckner's 'tallus'), and a tectonic mélange
developed between the thrust slices. The tectonic fabric, presence of
slickensides and the penetfation of matrix into cracks in the clasts,
all indicate deformation and high hydrostatic pressures, probably during
overriding by the thrustas1ices During the format1on of this tectonlc )

i

‘ﬁmhange ‘pieces of overriding slice were ripped off and 1ncorporated

1nto t\¢ earlier formed 011stostr0me which was being traversed by the
S

advanc1ng thrust slice. The result is an early sed entary ollstostrome
over1a1n b a more serpentinous tectonic mélange derived pr1mar11y from

the sole qf the overr1d]ng sllce;

/ ‘ : ' .

w



CHAPTER IV
u',,(' '
THE BASAL AUREOLE
r | , )

A. Introduction.

Metamorphic rocks oscur at the base of all the obhioTite
.masses formin§ the Bay of Islands Complex. These metamorphic rocks are
considered part of the trénsported Bay of Islands slice assemblage ;ﬁa
are commonly refesfed to as the 'basal éureo1e' (Church and Sgeveps, ig?l;
Malpas et al., 1973; Williams and Smyth, 1973). ‘Thgy crop out as the .
most easterly exposures of Ehe slice assemblage and dip approximately
west-northwest beneath the peridotites. From a dis;ance the aureole
rocks are best‘?ecognized by a high irregu]&r‘topography and an increase
" in vegetation cover compared to the struéturaT]y overlying ulframafic
rocks. Sect10ns through the aureocle are most eas11y accessible at the
east end~0f Trout River. Ponds, and at Pond Point on North Arm (Fig. ILIb).
Along the eastern margin of the Lewis Hz]]s massif, south of thE.map area,
“the aureole rocks form a wider outcrop belt than elsewhere, general]y in
“excess Qf 1 km. Th1s, together with other aspects of the outcrop pattern
of fhe massif, suggesfs a more hor1zonta] disposition of the oph1b{ﬁt1c -
and aneo]e rocks in the Lewis Hills than in the‘other massifs.. Thus,
'within this wide zonevof aureo]e rocks,~the ulg;amafic outcrops which -

are»10;a11y present are readily interbreted as outliers of the 6ver1ying

‘o

per%dotites.
' . & . . ‘ )
Aureole rocks-occupy a constant level at the stratigraphic base
" of the exposed ophiolite sequences and are not related to the present

structural base of the slices which are mafked by serpentinite mé1aﬁges.
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The absence of auredle rocks along the western margifs of the individual

massifs is probably .the result of structural omisgion since the lowest

ultramafic members are also missing. Smith (1958) mapped a narrow

amphiboTité ‘Qhﬂ'in an anomalous position on Mount St. Gregory, east
> ‘

of the main maéQZ and correlated it with aureole rocks elsewhere.

Recent mapping has, however, failed to detect any rocks in this area

which could be so interpreted.

3 The sequences of aure01e~rocks.6h the southeast side of North

-

Arm Mountain,.along North Arm, are accessible through stream valleys
4

draining the mountain and at the coastal outcrop at Pond Point (Fig. IIIb).

Here the aureole has an overg11~s¢ructura] thickness of approximately

130 metres and grades downwards from a foliated pyroxene ‘amphibolite

at the contact, through garnetiferous amphiboiite, greenschist,

’garnetiferdus phyllite into an argillite (Fig: IVa). At Pond Point the

actual contact zone is not seen and splay faulting repeats'the
greenschist-phyllite sequence (Plate XIVb).-
At the east end of Trout River Ponds, amphibb]jtes'of the -s

aureole are in structural contact-with piI]ow.lavas.and agglomerates

P

on the southside énd wi;h_sandstone on thé north side. No greenschists

or phyllites are seen and have probably been removed by vertical faulting

-
~

Rodingites are especially well developed on the south side of the pond.
The following petrographic and geochemical ana]yées‘are of §pecimens

collected from all threé localities.

4
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.

Generalised cross-séction of basal aureogle
to show metamorphic rock types.
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B. Lithologies.

i) Ultramafic rocks

~ When considefing the, genesis of the aureole, it is most
important to realize that the structure and petrology of the lowermost
ultramafic rocks in the succession form an integral part of the
assemb]a;e.

Hariburgites overlie the‘amphibo1ite§ on North Arm Mountain

and Blow me Down_Mountéin; but lherzolites are present at the base of
the Table Moﬁntain massif. Only.at Trout River Pond is the actual _
contact seen since an exposure gap of several metres invariably separates
ultramafics and aureole on Narth Arm and.BTow me Down Mountains. These
basal ultramafic rocks everywhere exhibit a well ‘developed schistose
fabric, which in hand spécimen resemﬁles a gne{ssosity augening enstatite
megacrysts (Plate Xva). -This“foliation is accentuated on weathered
"~ surfaces where it appears sinuohs, with enstatite augen standing out in
.}elief. In some bands the rock is complétely brokej)down and an
u]tramy]onite developed. These my]onitic bands are(genera11y of the order

-

of a few centimetres wide (Plate XVb), and at.the contact at the southeast

end of Trout River Pond, where they occur within a fé@ feet of the
amphibolite, are visibly accompanied by rodingitisatioﬁ.

In thin section the schistosity is de]ineatedgmaiﬁly by
recrystalliéed olivine and oéthopyroxene. The enstatites show considerable
stretching and flattening, the efféct of which is to broduce attenuated

" phenocrysts with their long axes, often of the order of 1 cm in length,

parallel to the schistosity (Plate XVIaé{ The associated minimum dimension

N

N

1 4

"
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ﬁerpendicu]ar to this may be as little as 0.1 mm. Exsolution lamellae
of diopside parallel to (100) appear to have acted as planes of
dis]oéation ddring the~flattening of the enstatite: Such exsolutdpn
lamellae are generally warped and are invariably rotated into the
schistosity to some extent (ﬁlates XVIb, XVIIa). Serpentine forms up
to 60% of a typical rock, generally-as a network replacing olivine of
which only kernels remain or as bastite éftér engtatite. Some coarser
ribbon-1ike bands of serpentine replace origina],pyréﬁene layers.-
Since‘serpentine appears always ctutting sutured grain boundaries, it
is presumably formed after the major deformation.

The mylonite bands show well developed cafﬁclastic textures
and various .degrees pf'annea1ing and recrystallisation. Serpentinised.
granulated olivine is common]y.inter1ayered with brown amphibo]e.b \ds
on a millimetre sCale. Green gpinéls, petrographically ngggjf{ggizg

e .

ceylonite or pleonasté varieties, occur in olivine fich bands, while - \‘M//
garnet and ph]ogopfte are ubiquitous in the aﬁbhibo]e ba;ds. Enstatite -\\
has been recognised in the 61ivine bands on?y,_but aluminaus c1inopyr6x?ne
occursAin Both (Plate XVIIb). ,The amph%bo]es forchrystals up-to 5 mm

long, are oriéntated paraﬁle] to the major ffattening fabric and show

signs of stréin and recover;:ibndulose extinction ;nd the weak development

of triple points). The garnets often appear to have been granulated during
mylonitisation, are small and equidimensional but have irrégu]ar outlines.
Serpentine cuts th;1;yldnite fabric also. The fabrics developed in the

ultramafic rocks and those of the mylonite bands are undoubtedly related

to’ the same tectonic evefit.
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The garnetsdiﬂg/%mphf dles were considered by Church (1972)
to be part of a high preesufe mineral assemb]age’(barnetiferous amphibole
ariegite) ind{cating that this part of the ultramafic mass cfysta]]ised '
at depth within the mantle. The restriction of the amphibo1e-ph1og§b+te¢/
garnet assemblage to mylonite zones within a few metres of the basal
aureole coﬁtact, and within the'my1onites to discreet bands, would
apparently. argue against this but support an jnterpretetion of such

»

assemblages as related to the production of the.mylonite, which itself
- /"\-"

seems ihseparab]é from the production of the aureole in general.
- ¢ Y .

Similar mylonitic zones are recognised at the base of the

ultramafic pi]evih Hare Bay, northern Newfoundland, where they are

generally better developed and more, clearly exposed than in the Bay of _ -

Islands. Here, however, garnet is not ubiquitously developed in the
amphibole bands. Other occurrences of ambhibo]e in ulgfamafic peridotites
-are relatively rare. The occurrence of secondary amphibole (pargasite)
within_peridotites has Qeen.mentioned by Wiseman (1966) and Melson et al.
(1972) for the my]onites of St. Paul's rocke, and amph%bo]e is known to
occur igﬂsome peridotite nodules; e.g. from:Gran Cana;ia, Qenary Islands
(Frisch and Schmineke,A1968) and Tahiti (MéBirney and Aoki, 1968) a]tﬁough

they are defined as primary in the latter case, and are sufficiently rich

in TiO2 to be termed. kaersutites.

i1) Hornfelses

Pyroxene-garnet hornfelses are found immediately be1o¢'the

foliated ultramafics at the Trout River Pdnd-loca]ity. The hornfelsed
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zone is réstriéted to the four met;es of aureole rock nearest the
contact agd it has not been identified elsewhere. At a distance of
about 4 metres, brown amphibole replaces both the pyroxenes and the
‘garnets of the hornfels, often showing a preferred orientation that
becomes thé major schistoéity in the underlying amphibolite3. 1In the
field, the hornfels appearsas a dense, 1ight grey-green, fine—grained
rock in which no banding in visible. In thin section the hornfels
consists dominant1y_pf b]agiéc]ase.and pyro&gne‘with subsidiary garnet,
" and all minerals disb]ay decussate textures_(P]ate XVIIIa). An average
poda] analysis. of the hornfe]s is given in Table III.

_ Plagioclase, forming up td 65% of' the rock, occurs as grains
of variable.size between 0.1 and 0.3 mﬁ. Extinction angles suggest a
compqsition'arouﬁqun75fand thié is confirmed by electron probe ,
microanalysis (Table VII). Some feldspars exhibit pericline twinning
that is sometimes bent, but undeformed albite twins are the commonest.

" Some. sections that do not show -twinning show undulose extincfion'that

+ _suggests a certain amount of strain du#%hg recﬁysta]]igation (Plate XVIIIb).
| Clinopyroxene (Cao_9 MgO.B Feo_]5 A]O.ls S1'206 - Table VI) forms
approximately 25-35% of the rock. Equidimensidna] grains of about 0.3 mm
are commonest but may.range up to 0.8 mm in size. The clinopyroxeé} is
non-pleochroic, co]our]ess, has'a ZV; of 55° and 1s.optica1ﬂ} po;if?xg.

Some hypersthene (2Voe 56-58° and optically negative) forms crystals up\
u .

to /.5 ng. -
\— 5§rnet wifh sympléctite rims also occurs in the hornfe]s. The
symplectite rims are apparently mixtures of hydrogrossular and alteration

)
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products such as chlorite. The garnet itself is of the’pyra]spité‘

series with a considerable proportion-of grosstTarite, and-has the

‘composition Mg, 5 Fey g Cag 5 Al, Si,0 (Table IV). It occurs

3712

throughout the hornfels as up to U.5 mm in size and in

-]
general appears to have gpbwn synchronously with the clinopyroxene.
Rarely, however, the garm ntains randomly orientatéd pyroxene and

plagioclase inclusions (Plate XIXa).

Similar pyroxene-garnet hornfelses have been described by

Challis (1965a and b) frghfthe western margin of the Red Hiils ultramafic

intrusion, New Zealand. Challis suggests that the hornfelsing is a
result of thermal metamorphism produced by the intrusion of ultramafic

rocks at a temperature of about TZOOOC;~ A similar assemblage was also

described by Hunahashi (1948) for an ultramafic intrusion contact aureole

in Hokkaido, Japan. MacGregor (1964) has described granular garnet-

c]inopyroxéﬁe amphibolite within 200 feet of the contact of the Mount

Albert peridotite, G spé,_Quebec. Although composing part of an aureole

originally described a result of intrusion of hot peridotite by

4

MacGregor, recent work (Laurent, personal communication, 1975) indicates

that a dynamothermal origin similar to that of the Bay of Islands aureole ~

is brobable. Karamata (1968, 1974) has explained the ofigin of aureoles

-~

t S
of ophiolite suites from thg\Danrides in the same way. In-some cases

dranu]ite facies rocks are developed close topthe contacts.
. 1 : -

~ :

e
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iii) Amphibolites

Except where the hornfels is developed, amphibolites occur

in direct contact with the ultramafic rogks. Where a hornfels is
T BN

developed, amphibole replaces the ﬁyroxene d? the hornfels at about
4 metres from the contact (Plate XIXb).~ The amphibolite is almost

universally pyroxene-béaring at the contact and where fui]y'deve]oped
’ ) . ; Vet

-

A "
grades downwards into garnetiferous amphibolite and black amphibolite

- .’

. to a distance of about 70 metres from the contact. At Pond Point on

North Arm, the amphibo]ftes grade at this pofn; into greenschists.

In thin secti ‘amphiboles’ aré‘véf*ably coToured. In

general, brown pleochroic hor
L] -
q

lende is more common Eloser to the
contact and green -pleochroic vari

f?es more-dbunaant.further;gway
, e, | |
my form up to 70% of the rock
- (Table 111), generally as e]oné;te crystals approximately 0.5 to 1 mm -
idx}gnéth; with their;i axes usually/defining a schistosity.
A]ternafing bgnds of moré or less amphiboie content giyg the rock a i
:“Eiséinctive;overdjl panqed appea;ance”in which.garqét; appgar,&uftg
*pften as-Jarge pinkish knoté; }ndlin;which the é]ignment of theléhphibole
‘ produces a.well.de?iped L-S fqb?ic (Ptates XXIa, erb). '
ally altered to a fine-grained v;, §\~<.

e,.a‘nd carbonate is present in some

cases. , Where twinning is sfi]]:visib]e it does not appear strained.

Thefp]agﬁqp]éges érq almost to
intergroﬁth of sericite a

- ,'

. Some plagioclase is porphyroblastic but thg inclusions, which are

L

pyroxenes and amphiboles,. -give rise to Sieve textures and-do not.

define trails (Plate XXIla).
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Garnet porphyroblasts generally decrease in abundance away
_from the contact. They are sometimes helicitic and also show embayed
and altered margins. The alteration in many cases has almost completely

:destroygd the gafnets and has penetrated far into fractures (Plate XXIIb).

. Even so, the garnets are quite visible in hand®specimen .and are as much

as 5 mm in diameter. One kilometre west of Stowbridge Head on North
Arm, the garnetiferous amphibolite is compﬁete1y broken down and

schistose at the contact with serpentinised ultramafic rock, and consists

" of about 50% pale red garnet porphyroblasts in a black indiscernib]éiﬂ

matrix (Plate XXIIIa). i : .

-

The pyroxene-bearing amphibolites are thought to be a Qarhet;
pyroxene hornfels which has undergone retrogressive’;etamorphism.. Pale
green pleochroic hornb]Fnée;;an be seen rep]éc%ng both -pyroxene and
éarnef of the hornfels at the head of Troutléiver Ponds. Although no
pyroggné exists in the aureole rocks at a distance of greater than
6 metres from the contact, it cannot be definitely séid that. this marks
the limit o% the oziginalvhorhfels because of the intensity bf.ob]iteration

+0f the pyroxenes by amphibole further from the contact.
7 A\

"Within the pyroxene-free amphibolites a %trong foljation is

"'invériably deve]opéd. Where rep]ac%hg the hornfels, this foliation is

reasonab1y‘We]] deéeloped about 4 metres from the contact, but'efsewhere
it may be noticeable right-up to the contacé. The foliation augens the -
helicitic garnets, which themselves conta{n traces of an earlier foliation
(Plate XXI111Ib). These garnets are therefbre of a younger age than the

original garnets.of the hornfels.

- e .2 . .
© - B Y
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At Pond Point, underlying amphibolites consist of dark grey
to black foliated rocks composed of altered p]agioc]aée and hornblende.
Garnets are not very cdmmon in these rocks, but biotite is present-

especially in the region of gradation into the greenschists.

iv) Greenschists

The amphibolites of the Nbrth Arm Mountain. aureole are
gradational over a few metres into underlying greenschists. This
gradation generally takes the fona of a éecrease.in abundance and‘grain
size of the amphibolite and an increase in the amount of gh]orite.- The
mineral- assemblage that coincides with the 1lithological subdivision of
the aureole rocks includes ch]orite-albite;quartz-epidote—muscovite-'

'biotitefactinoiite, thus defining greenschist facies métamdrphism. In ..~

hand specimen the greenséhists appear'fine]y laminated (Plate XXIVa) with

thin alternating dark-green and light-green laminae. The extensively

¥ -

chlorite rich bands are everywhere foliated and.schistbse_én& fine grainéd ,
chiorite, actinolite, biotite and epidote both define schistosities and

appear .to reflect periods of regenerated growth.

v) Phyllites and unmetamorphosed sediments 3%

At Pond‘Ppﬁnt, the greenschisis grade‘st:i‘
downwards into a pﬁyl]ite zone. }he phyliite zon;
fjne-gra{ned dark-grey or green schistose rocks in hiéh'garngt and
quartz porphyrobiasts are visible in hand spécimen. Such.rocks aré

themselves gradational into unmetamorphosed argillites and sandstones
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(Plates XXIVb! XXVa). Remnants of similar protoliths are seen in the
semi-schistosé rocks of the greenschist zone'in the form of recrystallised
quartz and feldspar rich bands in fine-grained mica rich rocks. |

In thin secfion, the garnets of the phyllites are often
poikilobtlastic and have symplectite rims. Muscovite is common and
augens the garnets and clasts of strained quartz (Plate XXVb). Opaques
form & considerable portion of the mpdé1>m;nera]ogy in some samples.
Later-stage minerals influde epido;::and chlorite replacing the_garnet,
.and calcite and rare prehnite in veins. .

The sedimentary rocks ére re1ative1y unmetamorphosed but have

undergone considerable cataclasis, which is esﬁegié]]y noticeable in the

coarser sandy sediments (Plate XXVa). In these,'%hé quartz and feldspar

grains are subanqular to subrounded, poorly sorted and occur in a calcite,

epidote and muscovite rich matrix. The grains, almost without exception,
have undulose extinction, but are rarely fractured. Detrital chlorite:
and garnet, possibly deriQed from 11thoTogiés simi]ar to those of
overlying rocks, have béen recognised in'the sandstones (Plate XXVIa).
The aréil]ites are geﬁera]]y rich in opaﬂﬁes with additional muscovite,
feldspar and secondary calcite and chlorite. In addition, they also
contain small clasts of recrystallised quartz, although these are
ré]ative{y rare. The composition of the*argillités suggsfts that they
hay be volcanic in origin. If so, then these-rocks aregthé only volcanic

rocks that are in contact with the aureole in the Bay of Islands, except

for those pillow lavas juxtapdsed with amphibolites at the southeast end -
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of Trout River Pond. This latter conta?t is demonstrably a fault
contact and thus the volcanic rocks canhot be shown to be the certain
protolith 0¥‘the aureole at this locality. However, the aureole
beneath the Hare Bay (White Hf]]s) uitramaf{c stice has definite
volcanic protoliths (Williams andISmyth, 1973; Malpas et al., 1973)
and resembles that of the Bay of Islands both in structure and
ﬁineraTogy. The presence,gﬁ a volcanic protolith lessens the prbblem
of appealing te metasomatic processes to account for the chemistry of

the aureole (cf. Smith, 1958). ‘ S

. vi) Metasomatised rocks,

N Hornfe]ses at the base of the North Arm Mountain massif are .
a]tered in places to rod1ng1t1c assemblages, which appear in hand |
\‘Ebecjmen to, have.a_gabbroic texture. Secondary calcium bearing minerals,
prehnite, xonbt]itel,ea1cite and clinozoisite are present, and calcite
veinlets are ubiquiidde Diopside, hornb]ende p1agioc]a§e and almandine

garnet; are present as part of the or1g1na] mineral assemb]age, but the
1arge po1kﬁ1ﬂt1c garnets are rep1aced by hydrogrossular and chlorite
(P1ate XXVIb). Development~of fine-grained clinozoisite and epidote

in the rock makes 1dent1f1cat1on of p]ag1oclase difficult. The

‘hydrogrossu]ar and xonot11te have been identified by X- ray d1ffract1on

-
L3

.(Appendjx I). » %
" Rocks of dominantly calc-silicate mineral assemblages have been
recognised at the base of North Arm Mountain, near fault contacts on

Winterhouse Brook and neﬁr;firsp Trout River Pond. = The etasomatic
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assemblages are accompanied by a colour change in rocks adjacent to-
the ultramafic rocks, especially at Winterhouse Brook (Plate xxvixa)

where the assemblages are best developed and the shales juxtaposed
: . —

with the ultramafics appear bleached. . Here, and e]sewhé?e, the calc-

3 .
silicates form hard,, resistant, white to pink veins that clearly

cross-cut and.therefore post- -date both the deve]ogment of the aureo]e

W
amph1bo]1tes and the serpent1n1sat1on of the ultramafic rocks.

Mineral assemb1ages inc1ude prehnite, ca1c1te, wollastonite, anot]ite,'

_pectolite, hydrogrossular and othe%_sétondary calcium-bearing mfnerals,
The xonotlite was reported by Smith (1954) as the'first occurrence in
Cénada“. It occurs as bbih aaorphous,Amassive, pink agg;egates and
fi%gdus.ﬁorms (Appendix I). | l

® The or?gin'of the metagomatised rocks, which can be loosely
'terméd rodfngites 15 probably hyHrothermal, but it cannot be determined
whether the-metasométism took p]ace'du;ing.a late stage o% emplacement
of the oph1ol1te, or much later during subseqdent fau1t1ng Thé only
'source of ]1me existing in the ultramafic rocks now exposed at the 2;
- contacts is in the small amounts.of clinopyroxene. - It is more probab]e
that\the hecesgary-lime was derived from the-cajc1um-r1ch rocks of the

sed1ments %%mng thrustmg
¥

aureole, possrb]y by the circulation of water trapped in the under1y1ng.

‘A
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G. Structure. . ' o s

e . '- v . 3
The;defoSmation of the aureole rocks took place prior to the
finql\:mpfacement of the ophio]ite's]iceg. The evidence ?or fhis is .
simi]a to that described by Smyth (1973) for the White Hills s]1ce of

the Hare Bay A]]ochthon

i.e. 1) Aureole rocks displaying composite schistosities

‘are truncated by black and green shales of méﬁange along the coastvof

North Arm.

P <

and 2) Boulders' of potydeformed schist and ambhibolifé

~

' originating from the aureole are found in mE]ange zones beneath the

Table Mountaip massif and the Blow me down massif.

ce -

Most of the aureole rocks are po]ypﬁ%se deformed," but the'

. deformation #s most evident in the greenschists aﬁd amphibo]ites; No

Y

folds or scHistosities are observed in the bjroxene hornfels of the
contact zone, but where the pyroxenes and garnets are replaced by -
amph1bo]es, ‘then a crude aI1gnment of these amph1b01es defmnes a
schistosity. No accompany1ng folds have been observed 1n these
pyroxene amphibolites, but since the sch1§tos1ty para]]e]s ax1a1 planes
of second phase (Fz) deve1obee lower in the.aureole, it haé'been:
recognised as a second phase composite schistosity.

) Fvidence'gf ﬁhe‘first deformation (D]) is well preserved‘a§. ‘
a strong schistosity ($:) in- the metavolcanic-rocks of-the greenschist

member, and is defined by a breferred orientation of ch1orite; tremolite-

actinpliﬁg and flattened p]agioc]ase_ghenocrysts. In the phyllites the
. ~$ é
N ' - .
" 9
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*5’ muscovite- chlor1te/?abr1c 1s crenu]ated by the S2 sch1stoslty 4h

o rd

: .places, and on the fold 11mbs is transposed wnto the 32 p1anes S

only rarely greserved in the amph1bo]1tes. It 1s def1ned by a11gned

hornblendes, biotites and opagues andlis onlx reoogn1sed as an inttuded

~ fabric-in post-DI garnet porphyroblasts (Plate XXVIIb).

'The second deformation (bz) prodﬁdﬁd'recumbent folds wi}h an
associated axial planar c]eava;e in the green§chist member, and the ‘
dominant schistosity, 52, 1n the amph1bo11tes | F ﬁg]ds are difficult |
to recogn1se in the amph1bo11tes S2 in the greensch1sts is represented
by g,close1y spaced crenu]at1on c]eaVage with ]1tt1e metamorphjc gronth
restricted mainly to devejopment of chlorite and.sericite. 52 completely
transposes S] in the amphibolites and is markeg by orowth of biotiteland
amphibo1e. This composite'fabric is the same as that'found in the |

pyroxene amphibolites. Garnets contentrated in the higher parts of- the

amphibo1§tes are augened by the composite Sz'fabric and' their incTusion

'trails are both he11c1t1c and stra1ght indicating in the former case
' growth of garnet syntectonically w1th the deve]opment of S] (rotational)

and in-the latter, the stat1c growth of garnet over the pre-existing -

yo,

s 1 sch1stos1ty In no place has garnet been observed‘c1ear1y cutting

’ﬁ\
amph1bo]e or biotite fabrics although N1111ams and Smyth/Q1973) report

sma11 garnet overgrowth phases including parts of the 52 ch1stos1ty

\

- In a simplified view then, the structural deve1opment of the

Vaureo]e appears to fa]] into two main dynamic phases (D and DZ) separated

by a per1od of statrc mineral growth. Howevér, th1g simplification must .

not be taken to prec]ude the continuous metamorphic development of the

-

aureole.
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D. Mineralogy, Metamorphism and Mineral Paragenesis.

il,drthosi1icafés

a) Epidote Groqg; Ebido;e group minerals occur both
withip the metamorphic aurecle, sometimes'as a major phase, and in the
‘ re]ative]y uqmetamorphésed cou&try rocks where they form only a minor = -
phase. Although there is no c%%a;ly definable variation %n the mdda]
percentage of théée minerals with distaﬁce from the contact, their
absence from the amphibolite zone is noticeable.

In the sandstones beneath the aureolé, co]our]éss,
non-pleochroic, inclusion-free epidote appears as fine-grained ?agged'
. crygta]s intergrown with clay-minerals. The mineral has characteristic
high relief fid the érysta1 outlines are enhanééd by rims of dusty
oxides. Rarely §1x-sided.euhedra}'cross-sectiqns may be observed.
Concentrationsqu aFicular Crystals of colourless clinozoisite are more
common than epidote. The'élﬁnqzoisite generally exhibits anbmalous
birefringence, is opticafly positive and has a high 2V3(c. 70°,5ut
variable). It is<both distributed throughout the matrix and is found
growing w%thin“quartz gféins which themselves show considérable‘
recrystallisation microstructures (Plate XXVIIIa). ‘

Epidote group minerals are finely disperéed and reiative?y
rare in the fine-grained tuffaceous rocks. In phyllites derived,from' k
these tuffs, the epidote is also rare and iéﬁgenerally égsociated with
chlorite ngs. . I \ o " | o

: .EpTdbte is extréme]y common in the greenschists where it

ethbifs the following pleochroic scheme: ' |

R

oc'?‘co1our1ess /3 .pa1q-green-yellow ~X pale green

-
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Where weak schistosjties are:devé1oped the ep%dote crystals are often
efongate with their b axes parallel ‘to ;Hé schistosity,;and in intimate
association with b1ue-green to pale-green pTeoqproic ferroactinolite.

In many case$, howgver, epidote within the greenschists defines distinct
bands which are folded about small stq]e tight folds with attenuated |
limbs. Within the Meses of these fo]ds;;the ep%dote is totally

.recrystallised into equ}dimensional crystals {c. 0.08 mm) exhibiting
‘triple point junctiqns. In the nomenclature of willi;ﬁs and Smyth
(1973) 'these fold; are éecond phase folds and the parégenesis of ﬁhe
epidote is re]atgd to an earlijer D] deformation that produced theA
main}schistosity S] in the greenschigts. Subsegueqt recrystallisation
of the epidote took place during 02 and some epfqbté cfysta]s cut and
therefore post-date the S, schistosity. These 1;€er epiaotés rarely
contain small unidentifiab]e,1nc]usions} ‘

Epidote is absent from the émphibolites, probably as a

result of the reaction:

'EPIDOTE'(+ QUARTZ) = GARNET'Ss + ANORTHITE + MAGNETITESs

) This reaction {Liou, 1973) may.be'used'to define P-T
conditions dur{ng formation of the greénschists, as described below

(Section F).

v b) Garnet Group;' Garnet appear$ as a primary phase only
in the aureole rocks, but also as a.detrital mineral in the.sandstones

" underlying the aureole.

-
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The detrital garnet in the sandstones is extremely rare.
It occurs as small (0.2 - 0.4 mm) subrounded crystals, although the
degree of roundneSS'fs obscured by tﬁe presence of symplectite rims of
mainly.ch1ogéte and epidote (Plate XXVIIIb). Ubiqﬁitous fractures in the
garnets are filled with the same minerals. If this d§trita1 garnet was
"derived from aureole rocks, then the relative age and provenance of the
sandstones, which lie below the aureole, becomes an important question
and is discussed further below. |
Primary garnet is found dominantly in the amphibolites,
hornfe]sg;, rodingites and basé] ultramafic rocks, wﬁi]e in the
greenschists and phyllites. it is relatively rare and forms minute
euhedral cry;ta]s less than .002 mﬁ in diameter.
Garﬁets fdrm approximately 3% of the amphibo]ites
although they are not evenly deve]opgdlthroughout these rocks. Some
amphibolites may be completely garnet free, whilst others contain
large pink garnets up to 0.5 cm‘maximum.dimension. It has not been
deterﬁined what causes this .irregular distribution of the mineral but
@ possibility is an origina]'composifiona1 difference qf the protoliths,
~ The mean size of the garneté is 1 - i.5 mm in diameter and they are .
subhedral, 6ften fractured and partly altered to hornblende, chlorite,
and minor biotite (P]até XXIXa).
The garnets contain,inclusion trails of two general t}pes:
1) Those.mihick{ng the crjsta] outline of the garnet
in a number of circular trails indicating fast static érowth of the garnet

after an earlier deformatory phase. “
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2) Those def1n1ng this earlier phase of deformat1on

in the form‘of an 1nc1uded sch1stoswty, S], in some cases 1nd1cat1ng a’
. rotation of the garnets.

Thus tﬂé garnets seem to be generally post-tectonic with
respect to an earlier phase of dé%ormat%on (D] of Williams and Smyth,
1973), but.are pre-tectonic to a 1aterAphase (D2 of Williams and Smyth,
1973) since the associated schistosity (52) outlines augen around them.

Where bost;D] garnets do not possesé inclusion tréi]s,
they may be difficuff to distinguish from earlier garnets associated
with the formation of thespyroxene hornfels, especially in the transition
}one between hornfels and amphibolite Where,the pyroxenes and.garnets
of the former are replaced by amphibole, .-

e.g. GARNET—-’HORNBLENDE + PLAGIOCLASE (MacGregor, ]964).

(U and/or  GARNET &==mesHORNBLENDE + EPIDOTE
.\. .

\
)

\ Garnets within well defined hornfels are clearly pre-

tecton%c with regard to any schistosity (including 51)., They have
well dlve1oped aJterat1on rims and do not contain inclusions. Garnets
only form apprg/}mate]y 1% of the hornfels and are generally quite small
(0.02 mm) and somewhat 1rregu1ar in shape.. They are marginally altered
to hornblende which itself defines a schistosity with increasing distance
from the contact. | '

Rodingitised_and altered rocks at the contact contain large,
irregular and fractured pink garnets. These are associated with hydro-

'grossular of lower refractive index, but both are colourless in thin

section. The garnets include pyroxene, but no metamprphic fabrics are
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identifiable, and they appear-to be almandine in composition a]Lhough
. there is.a §?§hificant amount o%TCaO substitution, a metasomatic
effefi.;esu]ting from the rodingitisa®ion. Hydrogrossular gas also
been regpgnised by x-ray.diffraction methds in the,ca1{isiligate
assemblage from.the base of North_Arm Mountain and from Winterhouse
Brook (Ap' ndix I). The development of this caic-si]icate aséemb}aﬁéf’-_“\\‘
. is considered to result from processes similar to those which produced
the rodjngi{E}\ namely a calcium mgtasomatism during the emb]acgment
of tﬁe ophiolites. _

Garnet occurs within the ﬁy]onite zones in the ultramafic
rocks, associated wipﬁ p}roxene and brown hornblende. The garnet may
form up to 20% of a singie my1onife band, is génera]1y of the order of . |
0.05-0.08 mm in diameter and equidﬁmeﬁsiona1, subhedFaI aﬂq colourless. |
Light green spinels occur in the hornblende bands and were reported by
Church (1972) to have garnet rims, No such textures were observed in
this study. The garnets are pyrope in composition having.an Fe0/Mg0
mole ratio of 1.0 and 5.5 Wti % Ca0 (Church, 1972).

Microprabe ana]&ses andica]cujated structural'formulae
of some aureole garnets are given in Table IV, |

Approaching the basal ultramafic contact the garnets
have increasing contents of magnesium and associaﬁed decreasing contents
of iron; hanganese and calcium. The trends are systematic and unlike
those reported by Challis (1965), MacGregor (]994) and Pamic et al. (1973)
for garnets from auréﬁﬁes of other ultramafic compiexes, where a re]ativé]y' r
widé range of compositions show no systematic variation with distance from

the contacts.
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Yoder and Chinner (1960) and Green and Ringwood (1967)

; ’
have shown that -the pyrope content of pyralspite garnets is a measure

of pressures of equilibration. In an isochemical system pyrope content

of the garnets should increase with increasing. pressure. Estimates from
!

Yoder and Chinner's {1960) work suggest that the inverse is true for oS

increasing temperature at constant pressure. Over the relatively short
distanfe frqm the contact that garnets in Table IV represent, temperatqre
gradients w;ég likely to have been more important than pressure gradients.

With this controlling factor, irgn-YSch garnets are to be expected closer
to the contact. |

Other factors should be taken into account, such as
-, variations in oxygen fugacity and bulk rock chemistry. The effect of
increasing 6xygen fugacity would be to crystallise magnetite at the
expense of the almandine molecule in the garnets, resulting in mors_
pyrobe-rich garngts. However, }ndications are that oxygen,fugécify
increased away from the cohfacth(Fig. IVb) in a manner<% imilar to’ that
described by MacGregor (1964) for the Mount Albert aureole. Under such
conditions the mére iron-rich garnets would agafn be expected closer to
the contact. |

Troger (195§), Green and Ringwood_(i967), Miller (1970i‘
and Pamic.gg gl. (1973) havg all pointed out the importanée of bulk rock
chemistry in cbntro1ling ga;net composition. Clearly from Figs. IVc and
Ivd, this is the case in the aureole at Trout River Pond. Whilst bulk
rock magnesium remains fairly constant throughout the aureole rocks,qBoth

. "
ferric and ferrous' iron decrease rapidly towards the contact. Ca]cigp

, .
g 7

nh
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Figyre IVb: Oxidation of iron (as a measure of Fo
dynamothermal aureole.

2) in









response to contact metamorphism (Section E).

-2 - -
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increiiii/yery slightly. The decrease in total iron cannot be readily

.

appear lithologically similar and have a common protoltth. Thgnffqre

. - t
explained as an original chemical -feature of the.aTiiliflites which

on the assumption of an original chemical sfmi]arity of the rock§\within.
: . R

- "' . L".'__< .
the contact aureole at this location, both garnet compositipns and=trends

- shown by bulk rock total iron suggest a chemical redistribution in“]‘_

c) Sphene: Smé]], euhedral, wedge-shaped to eliptfcd]

cryEta1s of sphene have been observed throughouf the aureole rocks.

However, they sibnificéntly_increase in abundance towards the contact

N ¢

- J
and form as much as 5% of the -amphibolites. Where present in the

sedimentary rocks sphene s probably detrital and is not believed to

 be authigenic because of its irregular shape-and extremely rare

A

- gccurrence.

In the amphibolites the sphene crystals are a]igned in
short trails parallel to the fo1ia£ion SZ,(PIate XXIXb). Individua1' '
crystals generally have their long axes orientafed a1sq; é1fh6ugh this
may not apply to.the lérge} crystals. Cry;téis vary in size from 0.02
mm to Oil.mﬁ maximuﬁ dimension with the avefége approximately 0.04‘mﬁ.
The ]arger‘crystals exhibit "good (3i0) cIeavége tracég, and all brys§a1s

have a high relief, 2Vy apprOximafe1y 30 and are pleochroic with the

~o

_ following scheme:

-

o colourless P yellow-brown - ¥ brown

Y

fqafures indicating alrelaﬁively high iron content (Deer et al., 1963)
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d) Zircon: . Zircon is a minor accessory as a detrital
product in some of the coarser sedimentary rocks. It occurs as fine,

[

) | L
‘euhedral crystaTs throughout the rocks.

»
.

ii) Chain silicates

a) AnﬁhiboleS' Anphiboles are the most abundant mineral
group w1th1n the aureole and occur throughout the more highly metamorphosed :
parts. In the greenschists, amph1bo]es of the tremo]1te actinolite series
are present. Green hornb]endef1s dom1nant 1n‘the amphibolite facies but
gives way- to brown hornblende typical of upper amphibolite facies.closer

to the contact.

1

’

‘The pleochroic scheme of some of the aluminium poor

" amphiboles of the greenschists:

| o  yellow-green; | . fB green; ) ¥ areenish-blue
Tsuggests that they‘are~riph-in iron and may -be classified as ferro-
actino1ttes. ThtS'actinoTite occurs as small prismat{c crysta]s which
together with chlor1te and ep1dote show a2 preferred or1entat1on and
.ﬂef1ne the. maJor sch1stos1ty within the greenschwsts (S] of h1111ams and -
E%imyth 1973) The crystals rarely reach‘d1mens1ons of more 'than O.é mm
‘ong axis and’ ext1nct1on ang]es’T‘j’ : z) of between 12° and 16° support
the1r identification as ferroactinolites. The larger crystals rarely

- . - T

T et ~ o D . .
contain sma]] plagioclase and oxide inclusions. rn some greenschists,

-

pa]eryellow to colourless treﬁo11t1c amph1bo1e is present and it is

rt"ﬂ

therefore.cJear that the~compos1t1on of the alum1n1um poor amph1bo]es is
he bu]k compos1t1on-of the rock.

dependent 'Z%s :
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In the-outer part'ﬁf theiﬁmphiboLite.zone, two amphiboles
are present togethér, one an actinofite, the otﬁer green hornblende.
Similar associations of aluminjum poor and aluminium rich amphiboTes
have been noted by Miyashiro (1958), Shido (1958) and MacGregor (1964)
and interpreted by Shido and Miyéshiro (1959)Aas the result of a
miscibility gap in the actinolite-hornblende series.

An:increase in grain size is noticeable at the amphibolite-
greenschist boundary, and grain sfze increases gradually throughout the
amphibolites towards the contact. The modal distribution of.hornblgnde shows
a genera],ind?ﬁése towérds the éontact from amounts in the 40-60% range
to amounts as much as 90%. Close to the contact, green-hornblende is
replaced by. brown pieochroic varietiés (Plate XXXa). Colour zoning is

- generally absent, although it does occur in brown hornblendes near the
contact especially in oxide rich rocks.

, The horhblende§ are generally quite fresh and most are
ihc]usion free .although some crystals contain a]tefed.fqldspar ﬁnd
magnetite. Some a]térgfion to aggregates of irregular epidote and minor -
chlorite h;Je been noted. The hornb?%naes show a preferréﬁ oriéntation with

.oy

1%0]) concentrated in the plane of schistosity, and are strongly 1ineéted. SR

A varfet ;of dips of this lineation ocfur, but no systematic studies have
yiRf die | . y ] —_~

- ¥ heen carried out.
w4

Mi%roerobe analyses of four hornblendes f;om aureole rocks
are’ presented in Table V. The analyses show no mé&or differgncéﬁ except
for the higher titanium content of the,amphibole from the ultramafic

' my]onite5:~This'amphibole cannot, hoﬁever, be defined as kaersutitei%§330%

T102) as suggested by Church (1972). A general increase in calcium towards @?
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the contact, accompanied by an irregular increase in alkalis, is

also noticeable and accompanies a cdrresponding.decrease in the mpda1>
abundance of plagioclase, similar to 'the case described by MacGregor
(1964) for the aureole of the Mount Albert intrusion, and considered

a result of advanced metamorphism.

b) Clinopyroxene: Clinopyroxene occurs up to 20

‘metres from the contact where the aureole is fully developed.

Retrograde replacement of the clinopyroxene by amphibole ‘occurs 1.5
metres from the contact and increases in deve]opment away from it.

C11nopyroxene is well deve]oped in the hornfels and

. relatively unaltered. It forms crystals ranging in size from 0.08 mm

to 0.8 mm although most average 0.5 mm. ‘The crystals are equidimensional
and have generally straight grain boundaries (Plate XXXb). Optical
properties (2V ¥ 560) suggest that -the c]inbpyroxenes are diopsidic.
Microprobe analyses of eight c11nopyroxenes from aureole
rocks are given 1n Table VI and p1otted in F1gure IVe All are -
diopsidic or salitic. Fe2 and Fe were reca]cu]ated from thg analyses

after the method of Cawthorn and Collerson (i974). A]though‘Shi&o (]358)

“and others HaQe,suggested that the (M92+'+ Fe2+)/Ca2+'ratio of clinopyroxene. *

increases with increasing temperature of metamokphism, a result of the
increased so]ubility of enstatite in clinopyroxene, this is not apparent
jn the clinopyroxenes ana]ysed here, probably because the initial
metamorphic grade was not variable in the restricted disfance from the

contact from which the specimens were taken. _ ST






crystals that parallel the foliation. It may comprise-as much as 40
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iij) Sheet Silicates
a) Biotite: Biotite is réstricted to the metasedimentary
rocks~of the contact. aureole. It makes up 2 to 10 percent of the rock
and is best developed at the greenschist-amphibolite transition. .It
occurs in distirict bands as flaky crystals with lengths up to 0.1 ma B
growing parallel to the foliation (Plate XXXIa) and forming augen
around plagioclase and garnet porphyroblasts. Slight variations are

noticeable in pleochroic schemes as .follows:

o cQlourless F grey or olive . goiden brown
straw-yellow brown, red brown dgep red brown

naindices range from 1.618 to 1.634 with the lower refractive indices’

belonging to the paler coloured biotites.

| b) Muscovite: Muscovite is present fn the metasediments
and meta tuffs: It océﬁrs both within and outside the'contact’aureole..
It is-genera]!y coarser within the aureole itself and occurs as flaky
“
modal pe;cent'in some pelitic rocks yhich exhibit one domingnt schistositj’.
(Plate XXXIb). Serid¢ite is developed as fine grained aggregates in'thg |
matrix g} many of the metasediments and is‘found.as a replacement producf

of some feldspars. -

c) Phlogopite: Phlogopite, distinguished from biotite
by Tower R.I.'s {et1.55; ﬁ 1.61; X 1.60), occurs in significant amounts

in the mylonitic bands in the basa1 ultramafic rocks. Ch“ﬁFh (1972)

reports that this phlogopite is'relat}vely titanium rich (c.,5% Ti02 by |

weight) whj;h is supported by its pleochroic scheme.

o, e
L

-
A o






- 134 -

. straw yellow - f?= a’ brownish red

The ph]ogopite only occurs in the amphibole rich bands as small
(~ 0.1 mm) flaky crystals which show no preferred orientation except

when aggregates occur é]ongated parallel. to the mylonite banding

(Plate XXXIIa).

¥

Because of its restricted occurrence, the writer feels
that it is a metamorphic mineral produced during emplacement of the
ophiolite slice, and not a primary mantle mineral as suggested by

Church (1972).

—

_ d) Chlorite: Chlorite is ﬁbiquitous in- the grgenschist§
. and phyllites. In the greenschists it defines the major S] schistosity
and is crenu]ateq by EQ' Chlorite also occurs togethé? with quartz

“in Jaté veins.which cut these roﬁks. Along with their“forms of growth,
thes;:chlonites exhibit different pleochroic ifhemgs. The metamorpﬁic

chlorite which defines schistosities generally shows a blue-green

pleochroic sc’ in contrast with the grass-green scheme of the .vein
ch]orite.' Iﬁ‘same sambles the platy blue-green matrii chlorite is
p??tia]]y fepléced by a fibrous amphibole. )

Minor amounts 6f chlorfte observed in the higher grade °
amphibolitg facies rocks are due to the fefrogres§ion of amphibo}e'énd
biotite. - | : '

a) Prehnité: Erehnite is extremeiy common in somé'sa@p1es
where it occurs in coarse veinlets which crosﬁ—cut the schistosities and

are not apparently deformed. It also occurs in minor quantities as an

alteration product of plagioclase.



iv) Framework silicates o'

N a)/?]agioc]ase: Plagioclase occurs throughout the
aureole in all rocks angd is a constngEEE:)n some of the country rocks.
Tuffaceous fecks generally contain megFe plagioclase than the sediments,‘
but this appears to be the only sys?ématis/variation in plagioclase
content. ) )
In the.sedimentary country rocks, plagioclase is
relatively uncommon forming only 2-8 percent of the clastic particles.
These grains average 0.05-0.1 mm in.size and are generally subrounded.
Maﬁx are deformed as indicated by bent twiﬁ‘]amellae, but where
measurement of extinction angles are poss{ble their composition appears

to be andesine (ﬂvAn35). Marginal alteration to sericite and zoisite is

“evident in most grains.. Small aggregates of these minerals may represent

‘highly altered plagioclase.

In the phyllites and greenschists p]ag1oc1ase occurs as

sma]lxaﬂths and f]akes, genera]]y too smaltl for opt1ca1 determ1nat1on of

. compos1t1on. In the tuffaceous and vo]can1c protb11ths where. up to 40%

[

N
of the rbck is plagioclase, these crysta]s are often broken'and shattered

- \
' and highly a1tered to zoisite, sericite and calcite. Where optical
‘ \}"EEEE(m1nations are possib]e they indicate a]bitic compositions. In all

/
these rocks the p1ag1oc1ase laths are allghed para]]e] to the maJor S]

* schistosity, but may show degrees of recrysta111sat1on in the hinges of

-

tight F2 f%gds.

Plagioclases in the amphibolites are all highly altered

“and original grain boundaries are indiscernible. The main alteration

: | \(\.
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" have undergoqg metasomat!c altergtion. For examp]e, Sample“VII, an

¥ metamorph1sm -
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73%-"'

' products are zo1s1te, ser1c1te and ca1c1te a]though 50me hydrogarnet

and thompson1te rep]ace pTag1oc1ase c]oser to the contact  The

p]ag1oc1ase forms granu]ar to lens- 11ke crystals 1nterst1t1a1 to 1
hornblende and epidote. .Opt1ca1 determ1nat1ons on crysta]s wh1ch

sti]] show Ehinning"ind1cate ccmpos1t1ons of approx1mate1y Anﬁo (Smyth,
1958, also reports composicions An55 An6 from the amph1b011tes) The
a]teFéd p]ag1oc]ases form distinct bamds with more amph1bo]e r1ch bands.

In the hornfelses the p]ag1oclases arg relatively fresh

by comparjson. with those in other rocks of the auregle where they seem

to have been the mineral most susceptible to alteration. The p1a§16t1ase

occurs as euhgdra] crystals with relativély straight, ‘upsutured grain
boundaries‘and'tripie joint junctions. Most crystals are equidimensional
(AIQ.S mm ciéméter), They show complex tWihning on Manebach and atbite
laws (Plate XXXIIb). An ana]ys1s of relatively fresh plag1oiﬂase from(,
Trout River Pond is given 1n TabIe VII. The composition of An80 is ths

most calcic recognised in the aureole. Moét,optical determinations

(U.-stage) of p]aéiociase from these rocks Adive an average composjtion

of’Ah72. However. sodic plagiocliases are found where the-hornfelsgs 7

«,

-

altered hornfels containing hydfbgarnet and amphibole as we]] as. d1opside,

contains albitic plagioclase (Analysis vI],Table VII). A Substitution of
~ sodium for calcium has taken p]ace in the crystals, as is typxca] for 'I’

metasomat1c processes accompany1ng low grade, in th1s case’ retrogr9551ve, o
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Table V11

Plagioclases from Bay of Islands Complex Aureole

Ny

. Specimen # : V11 : o B5
Wit Si0,. 67.06 4789
To, T 000 . 0.02
SO 20.93 - 33.20
Cr,05 0.01 0700
Fe,0, 0.00 0.00
FeO ~0.00 0.16
M0 0.0 0.01 ‘
Mg0 0.00 0.00 .
Ca0 0.34 16.77 -
Nay0 9.69 - ' 2.19
K,0 0.36 0.01 .
S 11.847 ° 8.752. Ct
T# - 0.00 ; ' 0.003
Al . 4.3 7.184
I cr ' 0.001 © T 0.00
T Fe , 0.00 . 0.00
E BoEoref it 0.00 0.025
Yoo Tam Coo0.0p 0.002
45 2¥% d200 .00
¥ e . osd 3.298 |
C Na, ST 3a0 0.779 S
A S 0.081 0.002 - |
Comfosition of  95.55 Ab  °  18.20 Ab
feldspar, * 2.8 Or 0.06 Or
.« VL prop. 1,97 An - 81.74 An

N
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'cross-cutting veins. The absence of ouartz from the matrix of the
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The plagioclase compositions that are available compare

cIose]y Tn their general increase in An content towards the contact,

"fw1th the type of variation demonstrated by MacGregor (1964) apd

Cqmpton (1958)'for other_metémorphic aureo]es, ano are_notab1y’

different from variations observed in regional "metamorphic terranes,
'b) Quartz: Quartz occurs in both metased1mentary and

metayolcanﬁc.rocks. It is a major const1tuent of (and forms .up to

80 percent) the- metasedimentary rocks apd serves to distinguish ‘them

from the‘metd-volcanic rocks in which it is relatively rare, forming

-only 12 per cent or less. e w,

Hhere quartz occurs in the phyllites and ggeensch1sts

i

it is genera]]y in small stringers that are elongated para]]e] to the

' fo11at1on and are genera]]y recrysta1]1sed a1though many crystals

show undulatory (strain) extinction. It also occurs in the hwnges of

y

‘some folds where tripte point.junctions between the crystaTs are common.

. - e . - o
The quartz is genera]]y-inc]usion-free and although,grain size is variable,

many gra1ns are of the order of- 0 1-0.2mmin size ,and’ arevthe result 8
0‘"_

of the deformat1on, breakdown and recrysta111sat1on of or1gwna11y .

.o .9 ‘ : R
larger gra1ns ' . " Y ol . N , 8

‘Later quartz f1111ng veins and associated with prehn1te .

- and ca1c1te is qu1te common in all the rocks. Many of these are' themselves

deformed, although they clearly cut earlier fabrics. Ln-the amphibo]ites,

the occurrence of augen around quartz knots may represent original
+ - ¢ .
“?

amph1bo]1tes may 1nd1cate that the1r origin was from a vo]can1c tuffaceous

[ 4

protolith. ' S0
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o
b .

~ C

*

o . b) ieo1itES Zeolites are commonly found as an a]terat1on

: product of p]ag1oc1ase Tthpson1te appears to be the most important

zeolite, although stilbite. has also tentatively been identified. The
zeolites are generally more: common towards the contact since it is here
that the plagioclases are most altered..

v) Non-silicates
Y.

a) Oxides: Oxides are present in most of the rocks of
the aureole, the major. ones being magnetite, haematite, i]menite and -
minor rutile. Oxides general]y occur as mqnor accessor1es, although
~

in some rocks may be much’more 1mportant They are géneraf#y éven]y

scattered throughout the rocks althoughin 'some cases distinct bands

,.ot_oxfdes, especially magnetite, are common.

- - Magnetite occurs as sma]l euhedra] crysta]s of dimensions
0.05 mm to 0 1 mm, or as much finer part1c)es form1ng dusty patches,

'The edhedra] magnet1te is found ma1n]y 1n the phy111tés and s rarely’

".present in the amph1bo]1tes and hornfelses. In the phy111tes, the
,;'compos1te‘fabr1c forms,qugen around some magnetite octahedra, but -

- otheré'eleariy lie in‘stringeES‘paralje1~to the foliation.__In some
. — =N

of the phy]?ﬁtés,‘magnet1te and aSSOC1atEd 11men1te may form up to 50%

..of the rock.- Th1s.magnet1te is. oftEn extreme]y f1ne gra1ned and may

-

form’diétﬁnct fo]ded 1ayers, suggest1ve of original bedd1ng

\Jn the sediments, magnet1te occurs in amounts up to 5% as sma11

4

subfounded detr1ta1)gra1n9 : ST .

Haematite occurs genera]]y ‘as patchy 1rregu1ar crystals f

ihtergrown’Withlor su?roundlngamagnet1te and - 1]men1te crystals, and

-
- 4 L.

. » . 1. ,
.
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. observed .in the altered hornfelses nedr the contact
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iy )

sometimes as small cross-cutting veinlets. 1t has alsoﬁgeen rarely

]

" Seen as an'alteration’prodUCt of amphﬁbo]e; BecaUse of its texture

it is be11eved to be secondary or retrograde in or1g1n and formed by

;dat1on react1ons o e

Ay

- Rutlle is re]at1ve1y rare and has on]y been recogn1sed'

in rocks=of vo]can1c or1g1n It occurs as rod-like, yellew'to

ye]]ow brown cryStpls scattered throUghout the rock. Very often

'9¢terat1on of ilmenite is assocgated with rutilé and haematite

.

R ] -

¢ . . J )
- . - .

S

b) Carbonates Ca1c1te is the dominant carbonate
mineral in the aureolé:and -1s a]ways secondary It is present as’in
cross cutt1ng ve1n1ets and 1rregu]ar,patches It 1s a]so found rare]y
assoc1ated w1th the a]terat1on of p]dg1oc]ase Rare patches of,

do]om1(’§‘tentat1ve1y Ldent1f1ed by twwnn1ng patterns, have been

o &
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E. Bulk Rock Chemistry

i) Introduction

Bulk rock analyses have been carried out on a series of
samples from three sectidns_d; thé aureole rocks. Two of these sections
mpare on the sefond Trout River*Pond, one on the north side and one on the
south, and the third section is on North Arm, at Pond Point. Only the
section at Pond Point.is complete and representative rocks from the
. amphibo]ité, greenschist, phyllite and metasediment zonesihavé been
analysed. The othe?.sections represent partial sections dominantly
through the amphibo]ites.éhd hornfelses, although two unmetamorphosed’
volcanic ‘counfry' rocks are represénted in the V series by V3 and V5.
The pna}yses\?or major and minor element oxides and for trace'e1éments
are presented in Table VIII, with calculated C.I.P.W. norms. They have
been fépresehted diagrammatical]y in Figures IVc andllvq where they are

4

blotted'against distance froh the ¢ontact for eacH of the three sections.
. ‘ P J

Petrographic study of the aureole rocks suggests that different

e Y
w

units-consistiﬁg of intercalated metasedimentary and metavolcanic rocks
occur’ in the aureole. It igsimportant fﬁ'know how differept the chemistry
of thesefunit§ is, in-order to determine How much the stability of the
_djfferent metamorphic phases present may depend on bulk chemiétry.
Similarly it is impbrtant to understand the degree of element transfer
i.that.may have taken place during metamorphic processes. In the %ol]owing

. » .
-paragraphs, the distribution of elements is examined across the aureole in

each -section. . - //

f
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t

Trace element chemistry:
from contact.

-

element vs. distance

WA
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¥ Series, Table fountain B Serics, Table Mountain

2410 JUHvN B) B2 B3
€ e e e e i -
. sio, . 39.00 13,93 49.29 50,51 49.32
o TiOy 0.45 1.61 0,20, 0.33 - 0.25
N A0, 6.93°  12.712 14.94 15.62 - 17.01
Fe,0, 2.72 5.0 - 2.82 0.84 0.24
Fel .5.98  3.20 8.6 . 6.38 4,99
Mn0 © 0.6 0.23, 0.22 0.13 0.1
Mg0 ~ 2B.65 7.83 - 8:2) 8.31 9.12
a0 4.52 8.88 10.72 12.26°  12.80,
M0 0.62 3.7 .27 2.50  g1.06
k,0 0.05 0.24 1.23 1.50 2.93
POs nd nd - nd nd nd.
Ign 9.02 0.75  1.44 1.50 . 2.93
TOTAL - 98.10 ©  98.24  100.00  .99.79  100.75
N}
ppm ~
Ir . 41 126 81 a7 23
Sr : 68 216 363 37 . 179
RO 2 39 19 . 33 48
n 79 98 8 50 49
Cy 251 A S0 S 61
C R - oney . . w 60, 90 124
€0 - .76 49 42 39 30.
cr 600, 95 123 445 513
v, 77 . 65 <63 ¢ S8 . 58
Ba nd © 8% v . 333 633 591
ne e ‘
QL2 : o Ve i .
or .- 0.33 A6 7.38 - 10.89 12.7
Ab . . 5,90 67 c21.07 - 17.49 9.14
An : 17.96 7.6 _ 25.09 26:35 36.10
He . T 1e3 2.3 .
. ‘Mo 3.02 11,56 12:08 Y 14.71 - 14.06
Di . e’l'ns 2.33 ° 5.93 - 6.54 9.53-  10.22
T 0.37 5,33 5,12 - “4.19. 2.53
" SEn o 7.66 0.50 . - : 2.86
Y s 1.22 0.45 0.7
o1 fo . - e 49.20 -9.506 - 9,97 f.00 7.05
Ura : . 8.60 a,an 8.60 3.87 . 1.92
Mg 2.44 . 2 2.21 2.20 2.22
Pl 0.9 315 0.39 0.63 ° 0.48
L T : y
.Cl' [N
- t_
Q . - ﬂ‘
[} o 4 . )
“‘,' §
. G - ] .
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B Series, Table Fountain

9941

g4 2y 97hY . 97AU
5i0, 4917  -4&n,70 60.0 56.00 43.5
-Ti0, 0.22 nd 1.47 r 1.79
M,0, 16.10 20.62  10.1 15.10 ‘14.2_f )
Fe,0g 0.0l " nd 427 5.62 1.30
) 4.9 3 4.99 5.01 9.24
Mn0 o1 "y 0.06 0.31 . 0.21 0.24
M50 Mies 4 7.87 1.08 1.08 3.54
Cal 13.397 17.15 1.76 4.05 11.82
ta 0 1.50 1.27 2.04 4.23 4.24
K,0 2.8 1.00 1.58 1.86 0.20
D
P,0, nd nd 0.01 1.93 0.56
Ign 2.81 1.00 2.97 20.6 9.84
107AL 101.34  100.87 99,32 99.24  100.67
’ .
ppm
Ir 14 23 1200 188 235
Sr 136 197 186 222 424
Rb 35 1 a8 .30 14
n 49 37 47 - 96 110
Cu 75 80 9 28 49
Hi 136 N9 19 89 103
Co 45 34 nd nd nd
cr 557 585 59 77 124
v 56 53 nd nd nd
Ba 326 83 420 465 16
» *
wty
Qtz 40.79 34.05 17.47
Or 10.24 0.95 9.64 11.10 1.30
Ab 13.01.  10.84 10.01 21.00 2.03
An 33.01 50,51 ,  8.95 7.77 42.01
He |
(Vo 14.65 14.73 7.75
+ Ens “10.97 n.77 3.17
(rs 2.2 1.26 a.64
‘In 0.3% 4:59 2.78 2.74 6.53
qTs 0.07 0.49 16.43 11.92, 9.55
To 10.48 2.38
Fa 2.33 0.28
My 2.23 2.19 2.25 2.22 2.39
~ln 0.41 2.77 4.09 3.74
Ap 0.02 4,58 1.43
Cr 2.38 0.53
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AU Series, Harth Arm Mountain

A
“M00ny 10740 10341 105AU 106U
. e __ 5%
* 5
Si02 73.0 47.1 §51.5 47.§.' 56.3
Tio, 0.64 1.27 1. 1.23 31.11
"'201 n.1 13.7 17.9 17.5 16,1
Fe 0y 1.27 1.72 1.25 7.90 1.50
fe0 2.15 £.16 8.80 5.48 9.24
MnO 0.1 0.65 0.13 0.35 0.12
Fyo ’ 0.60 9.30 3.81 4._83 4.05
Cao 3.82 11.46 5.68 7.89 4.60
N.\?O 1.80 0.32 2.06 3.H8 2.88
K?O 1.1 0.16 3.35 ],.59 2.00
PZO5 Trace Trace . 0.02 Frace 0.07
Ign 3.97 6.90 2.17 1.57 2.10
TOTAL 99.77  100.24 99,96 96.62 99.07
m
ir s 318 80 132 94 152
Sr . 67 139 252 299 279
Rb C 73 13 - 8l 32 47
n 149 97 98 88 104
Cu o . rA 72 146 79
i . 32 56 53 254 g7
Co nd nd . nd nd nd -
Cr 55 102 205 049 182
v nd nd . nd nd nd
Ba : 512 1491 835 707 93
vt
Qt> ‘ §7.97 6.80 5.65 9.40
or ’ 13.10 1.65 20.24 9.65 12.20
Ab 9.01 1.02 17.82 23.83 24.62
An A 2.90 37.86 27.49 26.32 23.08
Ne 5.35
{Wo 9.69 5.79
' Cns 5.04 2.34
Fs 3.33 3.50 -~
JEn 1.67 16.04 9.70 10.41
{Fs 1.94 . 10.87 13.20 14.57
ifo 7.00
“Fa 11.598
Mg 2.78 2.30 4 2.2 2.23 2.1 -
I 1.723 2.59 % Al6 2.40 2.18
Ap 0148 0.17
Cr ©.).06 1.13
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A Series, Lurth Aepr Pynntain

107

109U

’

AU ID2RAN 10PAU 11648
5i0, 53.1 47.9 43,3 43.8 50.8
Ti0, 1.26 1.33 1.81 1.09 1.60
A1205 16.8 6.7 14,5 15.7 15.2
Fo 0, 1,54 2,30 3. 3.88 2.69
Fed 9.77 B.42 9,35 7.03 9.3
¥no 0.24 0.28 0.17 0.2 0.3?
400 4,21 6.62 6,35 6.87 5,36
gag 4.78 10,02 9.44 10.69 “7.68
a0 2.82 3.13 3.2 2.97 4.60
K0 2.52 1.27 1.16 1.46 0.82
1’205 0.28 0.16 0.18 0.22 D.18
Ign e 2.19 1.98 1.15 1.1 0.95
T0TAL §9.51 99.69 99.33 100.03 99,51
ppm
Ir 156 106 1M 80 98
Sr 287 248 21 5 143
RbL 59 34 30 ///251 23

S In - 10% 83 94 (' 35 85
Cu 68 £2 26 ¢/ 4
Hi 87 72 65 33
Co nd ~'nd nd nd O nd
Cr 141 170 133 208 96
v nd - nd nd nd nd
Ba 1097 . 527 535 431 22
wt’

Otz : )

Or 7.69 7.00 B.74 4,92
Ab 22.86 26.53 21.36 37.95
An 2705 22.18 25.53 18.46
lie 2.3 0.65 2,22 1.08

(o 9.53 10.20  -'11.18 7.95

([ns 5.00 4.86 5.92 3.62
ts 4.25 5.20 4,91 4,28

n 2

tfs =
fo = 8.33 7.9 . 8.00 6.96

‘Fa S 7.79 -9.32 7.0 9.07
Mg < 2.23 2.22 2,20 2.
1o .- 2.59 3.51 2.10 3.09
Ap = 0.58 0.13 0.52 0.42
Cr

.\ v
£
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Hodal Analyses - > -
. Lz Plag Kiot Ms. Cpx . Opx HbY
V3 57 N 4
v . ? 5 Ty . .
V7 .31 T - 3 61
VA : 1 9 o 63
V9 ) 33 B 1 57 .- .
V10
Vi . 27 ‘ 1 (1
m I 50
B2 S a1 4 a2
B3 ' 45 2 30
B4 33 10 C29 v
BS B 21
978U 85 8 K 22
9any 5 40 2
. 99AU 3 20
100A g5 i 1K .
02ny )
1034U 8 20 3 5 ' a8 )
105/ 1 15 10 48 '
106AU 5 60 50 i : .20
1077y 5 10 15 o 30
1070AU 2 .. R a5
103AU s ‘ 80 »
105AY 1 a0 50
108U 3 q 30 }/ 45 .
\ S
: ;/A\n,\;
. Y
p v

s,

S
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Padal fAralyses .
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2

ii) Major Oxides

a) 5102: The silica content of the aureole rocks is
fairly constant in the B and V serie§ which consist dominantly of

-

metavolcanics. In these sections the silica content averages aroun&

50%, representative of a proto]ith.of basaltic composition. V10, however,
" has a lower silica content consistent with-it being an ultramafic
mylonite consisting dominantly of enstatite and olivine with minor
amphiﬁof& bands. In fhe.AU series, the silica content is variable, *
_but in gengral the higher values occur at a distance from the'fontact
and are.répresentatiye of the'metasedidents that are'dominéntly
quaftz-bea;ing. The amphibo]ifes of the AU series have silica contents

comparable with those of the B and V series, as does one recognisable

" basaltic pfoto]ith - Sample 98.

b) A1,0,: . The.distribufion of A12b3 throughout the.
aufeo]e is fairly uniform. Aluminium will be fixed in plagioclaseg'
amphibole, th epidote grohp minera1s. In fhe B series, the increased.
amount of a]uminidm»in B5, a calcic hornfe]él is probably due to the
higher aluminium content of the calcic plagioclase.

P
i V10, the ultramafic mylonite, is naturally relatively

poor in alumina. No systematic variation of alumina with rock type or
distance from the contact is noted in the AU series, where values average

approximately 15%.

»
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S

c) CaO: The calcium content of the B series correlates

directly with-the alumina content, suggesting that the calcium

—

enrichmént in the hornfels, B5, is represented as more calcic p]agioc]ése.
A similar, although not so marked correlation, exists between éaO and
A1,0, in the V series., ’ .

Calcium is variable jn the AU series. This is possibly
due to contamination from secondary calcite veins in some rocks. _There
is no partﬁcular difference between CaQ contents of greenSchists and
amphibolites, the lime substituting in the amphiboles and plagioclases _

of the amphibolites and the epidote of the greenschists.

d) Mq0: . The magnesia‘conteﬁt in the aureole rocks is~
fairly constant. Samp1evV10 has a high Mg0 content reflecting its
ultramafic mineralogy, but otherwise éontents are fairly low (5-10%).
There.does not appeak to be any noticeable magnesiﬁm metasomatism in
rocks close to the contact. |

e) Fe0 and fe203: There is only small variation in total
iron and this does not appear Systematic in series V and AU. In genefa],
total iron is constant in these se}ies. However, in series B, there is
a .gradual increase in total iron away from ‘the contact which is reflected
as an increase in Fe2+,and Fe*. This is difficu]t to explain on the .
basis of original rock typg sin&e all specimens in the B series are

amphibolites and appear to be derived from similar protoliths. The

decreased iron at the contact tHerefore could be a result of metasomatism,

N



- 155 -

The variation of Fe0 and Fe203 is reflected in the oxidation ratio

(Fig. IVb) which is systematicaily Qariable only in series B where it
increases away from the contact. This may indicate that oxygen’fugacity
probably increased away from the contact as described by MacGregor (1964)

for the Mount Albert aureole.

iii) Minor Oxides

a) Na20: Nazo content is not systematically variable
across the aureole. H%gh contents are generally associéted with a
high modal amount of albitic feldspar in the greenschists. This is

especially clear in the basaltic protolith - sample AU 98.

b) K,0: The K,0 eontent‘shdws no systematic variations
across the aureole. The high (3.5%) value in sample AU 103 reflects
the presence of approximately 25% matrix biotite.

:c) Ti0,: _TiO2 content shows no systematic variat?on
across the aureole in series B and series V. In series AUd the
-sedimentary proto]jths are on average a little poorer in Ti0, than

2
the volcanic protoliths. o \

d) MnO: MnO shows no definite systematic variation
across the aureole, although in 'section B there is indication that

\-#-*\\\\;f— manganese content is correlative with total iron content and decreases

towards the contact.

v



- 156 - . -

—y

jiv)}) Trace Elements '

a) Cr: The distribution of Cr across the aureole shows
no simple pattern. In series V and AU the only trend viéib]e is a
slight increase in Cr towards the contact in the AU series. The imcrease

in Cr towards the contact is more marked in series B. Abso]ute values

A Y

show the same range in each series.

b) Ni: The distribution of Ni follows that of Mg and
does not show any systemapjc variations across the aureole. Although"
the general range of values is relatively small, volcanic protoliths

have generaliy higher Ni contents than sedimentary protoliths, and the

highest value in the ultramafic mylonite V 10 ié much above the genera1

_trend:

\ - .
N —

\ . )
- ¢)\Cu: The variation of Cu across the aureole in the

three series show§ no significant trend.

-~
[
N

’
N

~d).Zn: The concentration of Zn is_rg}aiiveI} uniform
in all series_and across the aureoie. A slight deéreas%ng trend towards
the contact is seen in serjes B amphibo]ites. The total range of zinc

is from 40 to 120'ppm.

e) Zr: Zirconium values are relatively constant across

the aureolé in all series, averaging less than 200 bpm. The exception

Y

is"AU 97, a sandstone containing detrital zircon which accounts for its

concentration of 1200 ppm Zr. .

~_
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f) Sr: No defihite trends are apparent in strontium
corcentrations, a]thouéh.there is a suggestion in all series thét
strontium may decrease towards the contact.

~ v

g) Rb: No systematic trends are seen in Rb contents
which show a large range. The corresporidence between Rb and K20 is,
however, very marked and'c]ear]y the Rb is substituting in potassium
minerals. o
h)»Ba:A No significant trend is noted in Ba ;dncentrations.
However, there is a &arked‘correlation between Ba.and KZO contents,
e$pe¢i§17y in the B }eries. The large Ba ion is expected to substitute

for potassium (Mason, 1958).

v) Discussion

Since each of the three aureole sections cover different distances
and represent different parts of .the aureole, they may be expected to show
overall differences in their chemistry. The chemistry of the metamorbhic

rocks quité clearly depends in the first instance on the na£Ure of the

'Qrotoljth, and this .is most obvious in the AU series which represents the

14

most comp]ete section of the aureole and c0n£aiﬁs both éedgmentary and
volcanic protoliths. On the other. hand, fhe-amphibo]ites of series B were
cojlected within a short distance from the contact and are generally
petrographical]y identical: It is reasonable to subpose that they were
derived from a"common protolith. Their differences in chemistry might be ‘
a resu[@;gfmggtisométic processes, close to the contact.. With this in mind
the fdﬂ]owfng sqLdiyisiOn of the

elements previously discussed may be made.
p _ .
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1. Those elements which show little or no variation across -

the aureole: - : ' . 1(;;
- 'Si0 1,0, Mg0, Mn0, Zr, Ni E

1052 Alp03, L/

2. Those which show an increase in concentration towards the
* intrusive contact:

Cr, Ca0 . . : | ' .

3., 'Those which show agdecrease in concentration towards the

-
1

ijntrusive contact:

-

'Total Fe, Ba, Sr, Zn - . . :

Other_elements show strong but’ not systematic veriations.

* L)
’

Two processes may have operated to produce the apparent

~

redistribution. - F1rst1y metasomat1c changes\_p/ihe aureole as a resuit

of losses or;

ion to the ultramafic rocks. Second]y,_large scale
- metamorphic differentiation within the enreole as ‘a result of the heat
produced an ob ction of the'u]tramafics.‘ Bg;n processes would presumably
- produce identical results. -
If metasomatism was the direct cause it might be expected that-

an increase of e]ements most abundant 1n the peridotites might occur in

.,?-ch a correspond1ng decrease of elements most abundant in the
7 i .e. one would expect increases of Mg, Cr, Ni, Co and decreases

¥, K and Si. S1m1]ar1y a sympathet1c variation shou]d be found in
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. the béYidotites. -The results,of metaﬁorﬁpic differentiétfon would be
- systématic variations in chemistry‘aﬁay from the intrusive cohtact'with '
_no variations\wi%hin the intrusion. Clearly there has been some-.

_redistribution ofvélements such as ca]ciuﬁl'titanium and sodium such

' that amphibo]ité'bands have’deen formed in the basal ultrabasic rocks,
rodingiticvana,caic-siJicate ;ocks formed at the cpﬁtact, and a general
increase in‘Cr in th 'contact zone of the aureole. However, other
elements sucﬁ'as Mg and éi show very little Qariation.

Thus, there is ample evidence to indicate metasomatism, but

the overall effect is r;stricted»to the localised areas of ca]c-$i1i§ate .
formatipn and déve]opment of émphibo]itic mylonites in the ﬁ]tramafic.
rocks, and some variations within the aureo]e itse]f are still p0§sib]y‘
the result of metamorphic differentiation in response to the, thermal

-

gradient. . ' - ‘

F. Conditions of Formation of Aureole Rocks.

For the differeht metamorphic facies preéen in the Bay of
Is]%yds_aureo]e rocks, Turner;(]968) and Hyndman (1972 estimate the’
fg]]owing approximate temperatures and pressures:

| Greenschist facies: 300°-500° C; 3000-8000 bars
Garnét/amphibolite facies: 550°-750°C; 4000-8000 bars
. Grénu1ite facies: '7000-800°C; pressure variable.
More spééific figures may be obtained by calculation of thé temperatures

of equilibration of various mineral assemblages within the aureole.
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1) The equilibrium existence of cllnopyroxene and garnet
can be used as a geothermometer according to the methods of Banno (197Q)
and Mysen and Heier (1972). Banno showed that.,KD va]ues for coestting
garnets.and clinopyroxenes are dominantly temperature dependent and
'Myseh and Heier ca]ibrutea\their geothermometer by cumparing KD values
with exberimenta]ly'determined temperatures of formation. The functions,
KDgnt and KDpx are biotted on Figure IVg with these temperature
K gnt K px

estimates and the function K ) p]otted against temperature

. d (
in Figure IVh KD va]ues for coexisting garnets and clinopyroxenes
. .- .
have been ca]cu1ited from electron-microprobe analyses (Tables IV and VI)

with the FeZ'

\

of the pyroxene recalculated atcoruing to the method of
Cawthorn eﬁd Co]]ersOn (1974). These analyses ere‘of minerals from B5,

Bl and V11. Sample B5 is a two-pyroxene garnet "hornfels collected from y
the contatt zone of Table Mountain. Sample Rl shows a development of
amphibo]e whiéh overprints the pyroXene-and garnet and was co]]ected from
the same area but aﬁproximate]y 12 metres from the contact. Sample Vﬁ]

is an altered hornfels, nominally catled a rodinQite also from Table
Mountain. Tﬁe temperature estimates ottatned for these rocks are 850°C,
720°C, and 760°C respectively. Similar temperatures are obtained on beth

plots.

bii) The -transition from greenschist to amphibolite facies .in
.a basaltic system has been 1nvest1gateq by Liou et al. (1974). The PT
diagram for this tran51t1on under various conditions of oxygen fugacity

defined by QMF and NNO buffers is reproduced in Figure IVi, If the

L
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Estimation of aureo]e temperatures

Ky vs. /7 (Mysen and He1er, 1972).
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Figure TVi:
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PT conditions for amphibole to greenschiét
facies transition in basaltic rocks (Liou,
1974).

et al.,
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fluid pressure in the aureole rocks at the time of formation can be
:assumed as approximately equal to the hydrostatic pressure béneath
the overri@ing thrust slice, then~a‘témpe?ature for this transition,
recognisable by the disappearance of chlorite, can be estimated.
Assuming an overall density of 2.9 gms/cc? for the ophié1ite slab, of
maxihum thickness 5 kms , theﬁ the hydrostatic pressure at the'base of
‘the slab would havé been.1,4 kb.. 'At 1.4 kb, the amphibolite-greenschist
transition takes place at approximately SUOOC-(range 470?C;500°C) both
accord}ng to Liou (1973) using NNO buffer and Liou ég_gl; (1974) using
the QFM buffer. « Thus at é'distance of apprdximately 70-90 metres from
tHe contact, according to the location, equilibration teﬁperatures were
. of this ordef. .Itf%ust be noted, however, that no téctonic overpressﬁres
have been accounted for in thig cq]culation. There is indication that
higher p?eﬁsures were operative in the Qureole. Plotted according to
the scheme of 'Munoi and Sagredo (1974) the clinopyroxenes of the
.hornfels appear to have equilibrated at pressures {n excess of 5 kb
(Fig. 1Ivj ), a]thbugh the validity of using titanium content as a
barometric_iﬁdi;atot in pyroxenes is still ardﬁab]e (Thompson,-1974).
The;e pressures aré more in accord with those estimafed by Turner (1968), etg.
At pré;sures of 5 kb, fhe transition from greenschist to amphibolite facies
takes p]aé@sat approximately-SJOOC. With these tgmperatures a gradient
can Bewconsfructed of temperature versus disfénce from the contact for
the aureole rgéks. A number of wo;kérs have attémpted-to define the

rates of conductive heat loss from igneous intrusions of different sizes
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and shapes (Lovering, 1935; Ingersoll and Zobell, 1948; Jaeger, 1957,
1959, 1961 and MacGregor, 1964). Although none of these models
effectively reproduce the situation of heat loss from the base of an over-
riding thrust slice, they are informative or the restrictions in the
amount of country rock heating that can occur with igneous intrusions
.of various temperatures. For'examp]e, Lovering's curves show that an
igneous mass with an initial temperature of 1075%¢C can produce maximum
temperatures of 700°C in’ the contact zone whfch drop rapidly below
325°C one hundred metres from the contact. A number of these coeTing
gradients shown-in.Figure IV% indicate that in order to attain the
temperatures observed in tﬁ§:>ureo1e, the overriding ultramafic rocks

had to be at temperatures-i' excess of 1000°C unless another heat source

was available.

There is a posﬁﬁbiiity of héat contributionAby the prpceSs
of serpentinisation. Serpentinisation. is an exothermic process and in
the reaction

Mg, Si04 + 4 Hy0 Z==2 Mgy Si,0q (OH),

- the heat evolved is 33.7 K cals/mole of serpentine (Bennington 1956).
However, this heat can only be‘supp11ed at a temperature of 500°C
(approximate upper stabflity limit of serpentine) and_ﬁi]1'not affect
the country rocks down to this temperatureu ‘

More likely heat is produced by fractional heating. Reitan ‘
(1968) arr1ved at a number of mathematical mode]s re]atlng depths, " stresses,

rates of heat generation and size of heat product10n zone, His models



Figure IVk:

Lovering cooling gradients.
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suggest that temperature increases of the order of 100°C can be
produced in periods of 0.1 my at depths of about 12 kms'using variable
strain rates and rates of generation. Using equations for frictional
heating in solids, developed by Carslaw and Jaeger (1959) temperature
increases can be related to duration and rate of-obduction (Appendix II).
//
With a max1mum reasonable time’ span of about 10 my and reasonable rates
of thrusting of 5-8 cm/year, temperature increases of up to 300 C may be
expected. These calculations are made without account1ng for the
presence of water in the thrust zones, which would tend to increase
specific heats and thus reduce temperature increaseé; Although with
frictional heat the tehperature at contact’zane could be raised to 850—9009C
-this still implies that the ultramafic rotks had to be extréme]y hot,
“probdbly in the order of 1000°C. T |
Dynamic.cdnsiderations: It is clear from the structura1'and

metamorphic history ofhthe aureole that its development was'comblex
.and involved several stages. Although the structura] history of Williams
and Smyth.(1973) and the nomenclature used here (Section C, p.112) serves
" to delineate the major. deformatory phases, it'overeimplifies the_continuity
of the deve]opment of the aureole.

| It is probab]e that the fo1ds and fabrics were produced during
movement of the thrust ;T;Zes over underlying rocks -and that successive
stages of movement were taken up'at different levels whi]st static minera]I
growth overprinted fabrici_fsxépred at other ]eve1s ear11er Later
movements along these zones produced overpr1nt1ng fabr1cs " Since these

later fabrics are more intense lower in the aureu]e it might be supposed
- Q .
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thét after_initial,proquction, rocks in the contact zone became
annga]ed to the sole df the thrust s1ic25_and effectively became

part of the slices, the whole then-mov{ng on lower dislocation surfaces.
"The latest periods B? emplacement wére dominated by gravity sliding on
goft seQiment mélanges, indicat{ng insufficient temperaturés to produce
annealing metamorphism (Figure 1IV1). ‘

G. Conclusions. °

Earlier views on the origin and emplacement of Alpine

‘ peridotités were partially governed by the presence of metamorphic
aureoles that related to the ultramafic p]utdns. Hfth more recent views
that, incorporate the hxpothesis of ophiolites .representing oceanic crust
and mantle it has been difficult to reconcile the aureole rocks in the

~ light of plate tectonic modé]s.

In the Bay of Iﬁ]ands it is c1ear from the lack of intrusive
features at the contact zone, the considerable recrystallisation of the
ultramafic rocks, the structures developed within the aureole rocks and
the contiﬁuity of the éureoTé qn1yd§round the effective base of the
ophiolite thrust s1icé, that the aureole was not prodﬁced simply by
intrusion of hot masses of igneous rock, but is re]atgd directly to the
emplacement ofithe thrust slices (see also Williams and Smyth, 1973).

It has therefore been called a dynamothermal éur;o]e (Malpas, et al., 1973).
The deve]obment of this aureole, al though considéfed a continuous event,
has been shown to have had a number of phases. ngse can be shown |

diagrammatically as in Figure IV1.  The earliest fabric (S]) seen in

w
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Figure IV1: Schematic model for dynamothermal- aureole
' formation. Z '
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.

the aureole was produced during early dynamic movement. This movement '
took place along a thrust zdng_fgpresented now by -the ultramafic-aureole
contact. -

| Subsequent to this ear]y movement, a per1od of no movement
occurred, during which static hornfelsing took p]acei This hornfels1ng
obliterated by recrystallisation all traces of the earlier dynamic phase
. close to.the contacf whilst further away.S] fabrics remainea.

Further thrust movement took pléce along a zone lower in ‘the
aureole, since.the-hornfelses were effective1y annealed to the ultramafic
rocks, and impartgd the 1at¢r kDZ) fabrics partially overprinting the
hornfeis. The 1ates§ periods of movemenE of the thrusf slice are
represented lower in the sequence sfi]] by mélange zones representing
a cold cataclastic process as a result of progressive heat loss from the
system. |

. The rate of movement of- the thrust slice during the dynamic
stages of emplacement cannot be determined but calcuiations using
velocities of overthrusting within reasonable ]im12 (have 1nd1cated that J
frictional heating cannot ra1se the temperature{bf/the aureole rocks more .
than 200°C. This suggests that to produce the contact hornfels and the
temperature gradient indicated through the aureole, the ultramafic rocks
had to be at a tempefatuﬁiﬁbf {he order 6f'1000°é or greater.

A temperature of 1000°C is to be expecfed‘at a depth of approximately
55 km below fhe Mpho on a normal oceanic geothe;m, Howé#er, estimates.

of the depth of the basal ultramafic rocks -in the mantle before |

displacement are not more than 5 km.  The ophiolite suite was therefore
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obviously not disp{aced ffom an environment in which -a normal oceéniﬁ
geotherm wés operative. High heat flow in oceanic type mantle and
crust is #o be expected in the fo]ﬁowing regiSns:
a)’at a spreading centre
B) in association with hot spots
c) in marginél basins where igneous =
actiQity associated with reﬁe]ting of
the subducted p1até raises heat f10w.

A further discuss{on of these models is given in Chapter VII..
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CHAPTER V

THE BAY OF ISLANDS COMPLEX

A. Introduction.

The Bay of Islands Complex (williams and Malpas, 1972;
Ni11%ams, 1273) forms four massifs, each part of the highest slice
assemblage of the transported sequence and named from north to south
as (a) Tahle Mountain, {b) North Arm Mountain - Mount St. Gregory,
(c).B1ow-he-Down Mountain and (d) the.Lewis Hi11s (Fig. IIIb). In
outcrop area the ophiolite slices comprise approximately 600 square
kilometres and vary in structural thickness frém about 1100 to 1300
metres. Each ophiolite slice has a subhorizontal base marked by a
thick serpentinite méiange whjch is best displayeﬂ on the weste}n,
leading edges of the slices. This subhorizontq] base does not differ
very much from present seé-]evel. Trai]ing~edges are less apparent'
anﬁrcommonly affected by po;t emplacement high-angle faults along which
the overlying siice is down-thrown. Table Mountain and B1ow-me-down

Mountain are bounded by ‘tear-faults that mark the sides of the

- northwestwards-transported massifs and which are not continuous to the

coast (Fig.- Ic and Williams, 1973). The three northernmost massifs are
broadly synclinal in form ﬁith~sim11qr orientations (i.e.'fold-axes ﬁ
striking NNE).‘ This folding was attained before the final emp]acem;nt éf
the slices since it is truncated by the subhbrizontal:thrust at the base
of the s]iées. It doeﬁ, hohever, involve .the basal aureo]e and therefore
post-datesinitial development o} the overthrust. The’thinness of thé

western synclinal limbs on Table Mountain, Mt. St. Gregory, and Blow-me-down
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Mountain is due'to'structural omission rather than a stratigraphic
wedging-out. The Lewis Hills appears to have been rotated 90° with
respect to the northern~massifs (Williams and Malpas, 1972) and does
not have the schlinal'form of the latter. Here the ophiolite slice
appéars to be a]mo;t flat 1ying, giving 'rise to wide exposures of
restricted stratigraphic horizons. ]

Since all the massifs occupy the same structural level, it
has been postualted that they were emplaced a$ a single sheet (Cooper,
1936; Smith, 1958; Williams and Malpas, 1972). However, the different

levels of exposure of each cross-section would then imply‘a considerable.

amount of post-emplacement faulting. The fact that the structﬁra]

’bases of all slices appear to be relatively close to sea 1eve1‘(Ni111ams,.

1973) would, -however, suggest relatively little vertica]lgisp]acement

of the massifs with réspect to each other. Since the Leg{é Hills massif
ddés not fit the overé]] strucfura] picture, one must assume that it,

at least, was emplaced as a separate entity: The different 1ithologies

at the base of the ultramafic pile (see below) suggests that the slices.

were separate and exhibited different cross-sections during emplacement.

B. Lithological Cross-sections.
Two of the massifs (Blow-me-down and North Arm Mountains)

' T 4 . .
display a completely developed ophiolite suite. Each of the massifs

'has a basal portion composed of ultramafic.rocks. .Theselbasal ultramafics

vary from approiimate1y 2.5 km thick Bn North Arm-Mountain to nearly

5 km thick on Table Mountain and are immediately under]éin by the basal
' !
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aureole exceﬁt where this'has been reméved'by later faulting. Gabbroic
~rocks lie above‘the ultramafic rocks and an interbanded zone separatesi
these two rdck types. fhis zone has been called the 'critical zone'
L by Smith (1958) and Irvine and Find]ay (1972) and reaches thicknesses
in the order of 400 m. The gabbros are nbt presentlpn the Lewis Hills,
where rocks of the critical zone are the highest preserved. On Table
Mountain the gabbros are not complete, but where the full sequence is
developed on North Arm Mountéin and Blow-me-down Mountain, they reach
an approximate thickness of 4 km. On the latter two massifs diabase
'dikes increase in quantity at the top of the gabbro, and higher up the& .
become 'sheetgd' (100% diabase dikes) and feed overlying pillow Tavas.
The diabases and pillow ]avas'reach\é total thickness of about 2.5 km
where they are overlain by éi]tstonés and silty sandstones between
#e Crab Poiﬁt and Birch Head on North'A;m (Fig. IIIb). |

Stratigraphic columnar sections of the three northernmost

massifs are presented in Fig. Va. . >

C. Lithologies.

i) Lherzolite and harzburgite

LHerzo]ftes (61ivine-clinopyroxene-orthopyroxeqe rocks) occur ™
at the base of the Table Mountain massif and are most easily accessible °
near Winter House Brook and on Trout River-Pond. Elsewhere (North Arm
Mourtain aéd Bléw-me~down Mountain) no lherzolites have E?en found and
ﬁarzburgites (oiivige-&rthopyroxene rocks) immediately overlie the basa]ﬂ
dynamothermal aureb]e. The rocks are defined éccord{ng to’ the classification

of Coleman (1971) and modal analyses are plotted in Figure Vb. . -
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Stratigraphic columnar sections of Bay of

Istands Complex.

<
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The~]herze1jtes of Table Mountain grade intp‘narzburgifes
about 200 metres above the basal aureoie by a loss of clinopyroxene.
In the field, lherzolites and harzburgites are difficult to separate
since the c]inopyroxenes are not clearly discernible. However, the
Iherzo]ites generally weather‘an o]fve—brown colour compared éo‘the.
orange- brown of the harzburgites. This weathering octurs to depths
of 4 or 5 cms and causes the more res1stant light-green or bronze
enstatite and black spinel to stand in relief, causing a stucco-like
surface (Plate XXXIIla). In the lherzolites_the Spinels appear as
glassy green crystals compared with the black chromite of the
harzburéites. Both rock tjbes appear porphyritic on fresher surfaces,
consisting of green bastitﬁsed‘enstatite crystals set in a dark
aphan1t1c matrix. The u]tramaf1c rocks are affected by a conJugate
joint pattern. One Jo1nt set strikes genera11y NNE and dips moderate]y

to the west; the other is at r1ght ang]es and d1ps more steeply to the

south. |

' Two types of banding occur in both theq%herzolites.and
harzburgites. Thergneissic banding descr1bed above (page 90) occurs
in eifher rock type immediately edJacent to the aureole. In general,
this banding appears to post-date some serpentinisation'and was imparted
during early thrusting of the'ophiq1ites. It parallels the basal contact

with the aureole, and overprints a primary minerai layering. A simi1er

" foliation is developed locally along strike-slip faults that afgept the .

. N
ultramafics. On North Arm Mountain, within 6 to 8 metres from the basal

contact, deformed peridotites resemble augen-gneiss with sinuous foliation

~
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g e .
and enstatite 'augen' (Plate XXXIIIb). 'Differentia]~Qeathering
accentuates thetstructure. In more o]ivine—rdeh 1ayers'% distinct, ) .
fissility .is imbarted |

A primary rhythm1c band]ng in the therzolites and harzburg1tes
is caused ma1n]y by a var1at1on in the enstat1te/o]1vnne rat1o
Adjacent bands may range from o11v1ne rich dun1tes ‘to per1dot1te and
enstatolite @0.90% opx) In genera], 1nd1v1dua] bands have gradatwna?B
é?ntacts and range in thickness from fractions of a cent1metre to a
hundred metres or so. The band1ng is empha51zed both by d1fferent1a1
weather1ng and moré rarely by sma]] concentrat1ons of spinel GP]ate

XXXIVa) On an 1nd1v1dua1)outcrop scale most bands seem fa1r1y un1form '

in w1dth Howevep</<hd1v1dua1 bands do not cont1nue 1atera11y for any

d1stance but pinch out and pass 1nto other - 11tho]og1es Max1mum

distances over wh1ch 1nd1v1dua] bands have been traced are in the

.order of 500 metres for the th1ckest ones, wh11st the th1nner ones

-lmay be ‘only a few metres 1ong _Therefore no d1st1nct strat1graphy is

apbarent. Bands are often folded and show th1nn1ng and -attenuation on

b &

- fold limbs. '§T1th (1958) suggested that»th1s was a resu]t of p]ast1c‘

2

f]owage due to pre- consol1dat1on movements of a -magma. The folds are
restr1cted to small zones and are paralleled by non-folded bands (Plate
XXXIVh). They show no preferred or1entat\pn aTthough many are flat-lying
and.fair1y t1ght.

The enstattte content of both the 1herzo1dtes and harzburgites
cluster around 10-15% but‘there is a distinct separation.produced by

modal clinopyroxene. - Spinel forms up to 4% of the mode ‘and is variable -

*
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\\: from lherzolite to harzburgite. Despite a.considerable degree of
" serpentinisation (up to 60%) the original ﬁinera]ogy ahg texturaT
. featurés are readily identifiab]é. Strained augen of enstatite, and
more rarely forsYerite are set in a finer grained matriiapf interlocking,
unstrained anhedra of forsterite and spinel and, in'the Therzolites,
diopside. Veins of serpentine cut across the strained crystals"
indicating that a certain amount of recrys@a}]isation predated-
serpentinisation. o | . .
| 'ihc1USions of both olivine and spinel are rarely- found in
enstatite. The enstatite shows'varying &egrees of serpentinisation
and may be totally reﬁ]aced by 1i§ht ye]]ow-breen bastite.in which the
(100) parting of the original pyroxene'is well preserved. Cross-cutting
,Ivéins of serpentinite and associated magnetite up to 0.1~mm thick are |
common and thus’ post-date the initial serpentinisation of the qrthb-
pyroxene.;&Ihe ehstaﬁite cr;stals generally have ;elatively sharp,.
- clean boﬁﬁdaries with“tﬁe surréunding méfrix, é]though_in sbﬁe casés ' ./;\‘
the crysté] outlines are blu;rgd by granulation ahd recrystal1is&tion

at the margins, or serpentinisation, especially around stretched

enstatite'crysta1s with ragged terminations (Plate XXXYa). Enstatite *.

{ugen also contain abundant exsolution lamellae parallel to'(100) which ~
.‘:'i"ve, in most cases, been identified as diopside (Plate XXXVb). In
the lherzolites there also appears to be minor e;so]ufion of §ﬁine]
'along similar plqpesl The (100) planes have also acted as'glide lamellae, 3

especially in rocks.near the:basal contact (see page 93), where the

enstatite aud@n are elongated génera]]y parallel to these planes which

.
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lie 1in the;fo]iation of the rotk'(Rlate XXXvia). As.d156ussed'above,
this i§'probab1y.an.effect of deformatdon'during the early emp]acement
of the ophiolites.' Further fr?m;the aureo}e'no preterred orientation -
of the (100) parting and exsoIUtion.lameT1aé occurs but they do indicate
a distortion and bending of the crysta]s | . _

| 011v1ne (Fog] 94) i$ extens1ve1y rep1aced by mesh-1ike
serpentine (]1zard1te and minor chrysot11e) Howevel, ol1v1ne kernels
remain and extinction patterns qnd1cate that original grain size was
of the range 0.5 - 2 mm and that crysta]s were equ1d1mens1ona1
(Plate XXXVIbS' Triple point Junct10nS between olivine crystals w1th
*straight boundar1es and kink band1ng of some crysta]s indicate a certa1n .
amount of recrysta111satton dur1ng a penetratjve deformat10n (tf.
Bezzi aﬁd Piccardo, 1971). This recaystallisation clearly oredated
fserpentdnisatton. .

| Spinel is present in both Therzolites and harzburgites. The
spinel in the lherzolites has dndergone'some alteration during serpentinisation;‘
the main effect of which is to oroduce nmgnetite which rims the crystals
(Plate XXxvIla) and fills expansion cracks. It is translucent and green- .
brown or grass-green in colour.. All crjsta]s have irreguiar outlines
and range in size from 0.3 to 1.2 mm. Spinel forms generally only 2-3%
of the lherzolite and is found both interstitial to and enclosing o]ivine{
and rarely included in enstatite. In the harzburgites, the spine1 is
red brown trans]ucent except where secondary magnetite is developed and
the spinels are almost opaque. The sp1ne1 is disseminated and. genera]]y

N

interstitial to'olivine, which it rarely includes. The maximum size of

the crystals may be as much as 3 mm but these crysta1s‘are extensively shattered.
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The differing colours of the spinels reflect the fact that
those of the lherzolites are relatively aluminium-rich and those of
fhe harzburgites chrome-rich, as supported by microprobe ana]yse;
(Chapter VI).

.Clinopyroxene occurs ubiquitously as grains in the lherzolites
inéerstitia] to olivine and enstatite. It is also present as exsolution
lamellae parallel to (100) in the enstatite augen. No exso]ufion '
~ lamellae have been recognised in the groundmass clinopyroxene, and
1optica] properties suggest it is diopsidic augife. The harzburgftes

contain rare clinopyroxene as interstitial crystals, totalling less
than 1% of thelrock, but exsolution.lamellae of diopside are present

in enstatite augen.

ii) Pyroxene and dunite veins and dikes

' The peridotite layering is cut by a number of veins and dikés
that range‘fromapyroxenite to olivine pyroxenite and dunite in
composition. Pyroxenite veins are common towards the base of the bi]et
dunites more so at the top. The Qeins stand out because of differential
weathering and e§hibit both shafp and more irregular contacts with the

host peridotite: They range in width from 3-4 mm to 1-2 metres.

<,
Aithough best seen cutting across the mineral layering, some a]soj
*clearly run parallel tb tﬁe 13yering for some distance'before.brancﬁing
or linking laterally with simi]ar1§?orientated.veins; and may often be
qonfused with the 1ayeringl Ssme pyroxenite and dunite veins aré folded
into opal folds together with the host peridotite, others clearly cut

across these fo1ds and appear undeformed (P]ates XXXIVb,gnd‘XXXVIIb)..

-
-
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Many pyroxenite veins have zones of pure ddﬁite adjacent fo their
marg{ns, and enstatite dually increases in ébundan;é in the host
peridotite ;t d%stances of 1 or 2 cms from the veins. Challis (1965)
has describéd.simi1ar pyroxenite veins with long axes and prismatic
cleavages of enstatite at a high angle.to the walls of the veins.
Pyroxene crysta]s"in the pyroxenite vein$ in the Bay of Islands
peridbtites rare]yhgeem to have similar orientafipns. However, in

}some coarser veinsv;here the larger cf}stals reach several centimetres
in length, there is often an orientation similar to that noted Ey Challis.

The veins consist of enstatite, diopside and forséeritedih
varying ﬁroportions. The pyroxehites consist of ensfétite (40-50% of
the vein), diopside {35-40% of the vein) and forsterite'(]O—]S% of the

.'vein); chfome spihe] may also be present.. An increase in forsterite at .’

the expense of enstatite gives olivine-pyroxenites. ‘

: , The enstatitevhas a positive 2Vg oOf 85° indicétind én

M92+/Mgz+ + Fe2+ ratio of about 0.9. Several thin'secfions of the

pyroxenites indicated that much 6f the enstatite contains e%so]utiéﬁ

lamellae of d10ps1de parallel to (100) and these 1ameT3ae are invariably .

defoirmed. M1cro kink bands are not uncommon in enstat1tes~w1th no

vfbﬁple exsolution lamellae and in intergranu]ar clinopyroxenesﬁb

Larger enstatifes may be partially serpentinised and Fépresented by

bastite pseudomorphs. . | ‘

.Piopsidé (ng'VGOO, + ve) occurs as small anhedral (0.2 - 0.8
mn) crystals interstitial to the enstatite.. Twinning has.peen'observéd
in some basal éections‘and\twin planes are often bent and distorted.

- 0livine occurs in small quantities as generally -well formed cﬁysta]s :

often included in the enstatite.
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Dunite veins are generally thicker and more continuous than
the pyroxenite veins. Their mineralogy consists of olivine (Fe90_93),
enstatite and chromite. Olivipe forms 95% of these veins and the
enstatite is subordinate. The olivine o¢curs as interlocking anheara
and o%ten shows minor kinking. The chromite is dérk-redntranslucent
to opaque and often forms ;frings or 'layers' up.to 1 mm‘th{ck in the
central region of the veins. These layers parallel the sides of the
veins and can be traced for severxal metres before they thin out and

disappear. ' ' : ‘

iji) Origin of layering and mineral foljations

The pihera] layering caused by variations in the relative
proportions of olivine and orthopyroxene is present throughout the
peridotites'of the Bay of Islands Complex. This mineral layering must
be clearly distinguished from the cataclastic-foliation in the
hargggggites‘and Therzolites at the base of the ophiolite slice,
which overprints it, and was imparted duriﬁg the;early.stages of

ophiolite emplacement (Chapter IV). L ~

Several hypotheses for the origin of tﬁﬂ"layering may be
consideréd, based on examples from a1pine-typé ultramafic bodies throuéhout
‘the world. These are: (a) an origin throhgh'crysta] settling with thé aid
of codyection cqrrents; (b) an origin.by preconsolidafion flow; and (c)
an origin by po;%ZCOnsoTidation penetrative deformation and recrysta]]iéation.
Cha]ljs (1965) recognized a é%ze‘diffefenqe between the enstatites

and olivines of the harzburgites of Dun Mountain, New Zealand, and those

[N
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. layered intrusions.

, been subsequent plastic deformation.
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of'the-dﬁnites, recording‘that those minerals were larger in the
harzburgites, and also that the dunite always shé;ed mére deformation
(crushing) and serpentinisation. From both a crystal size and
petrofabric analysis, Challis also suggested that the origin of the

layering in the ultramafic .rocks was comparable to the development of

bedding in sedimentary rocks and in support of this noted: the presence

of well developed poikilitic textures and euhedral crystals im the

harzburéites, a dimensional orientation of olivine crystals sdggestihg
a settling on their bropd faces, and a transition to feldspathic

peridotites and gabbros similar to.sequences shown by differentiated

‘~/ .
7’

—~J
Thayer (1963) noted that various ,stages of mech nical disruption‘
have affected primary textures which appear to have resulted-from

variations of the crystah settling mechanism. He states (p. 56), 'Thegﬁ\

Félict features imply that the alpine eomplexes essentially ére partially

+

refused and remobi]i;éd parts of huée sétt]ed complexes. formed deep in
the crust or mantle'. | '

Raleigh (TQésjvﬁéﬁcurs with this view, suégesting that the
peridotites of Cybress Island, washingfdh:‘had A primary orjgin by crystal
settling, since relict cumu]ﬁs features are preserved,lbdt that fﬁere had

a

The greatest argument against a crystal settling mechanism as

- am origin for the layering in the Bay of Islands peridotites is the lack

of cryptic variation amdng the_o]ivi‘;s and enstatites, both of which
. . .

maibtain a quative]y constant compositibn throughout the'peridotites

4
~.
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{cf. Loney et a].,‘1971). Such a variation‘if present would characterise’

the layering as being a result of fractionation and crystal settling and

. has beéh taken by Jackson (1961) and Wager and Brown (1967) as an
~ y . . _

e . .. . . .
indication of the mode of origin of stratiform intrusions.

S1gn1f1cant differentiation by crystal settling requ1res that
a s1gn1f1cant difference in spec1f1c gravity exist between the mineral
components involved, or that there are continued renewed injections of

magma (Lngerson, 1935). The two major minerals, enstatite and forsterite,

- that are the major components of the peridotites, have very similar

3

specific gravities (~3.29’nd thus equal settling retes. Itis also.
difficult to envisage renewed injections of magma causing many thousands

of- alternating bands through thicknesses of up to 5 km. If the®total

ultrabasic comp]ex (and associated mafic rocks) represented derivatives
f:bm one magma chamber, then the magma would have been extremely p1cr1t1c,
if not ultrabasic, and consequently wou]d have required an enormous]y

high and qnoma]ous degree of partial melting of mantle rock for its

prqguction. ‘
Church (197?).recorded cumolate‘featuées in;the’Betts Cove

.ophiolite and in some dunites.of the Bay of Islands Complex: He

-

ophiolites to crysta1 sett11ng However, 1t is presumed herg that the

“cupulates he observed were in the higher dun1te zone since no relict’

cumulus textures have been observed in the lherzolites and harzburgites

fa

from the Bay of Islands Complex. However, it is arguable-that these

.textures have been obliterated by later events (2:; Thayer, 1963).

therefore ascribed'the'origin of al] peridotite material of these //:>
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Smith (1958) proposed that the banding in the peridotites
was ‘a reéult of preconsolidation flow. However, solid flow is only
possible in the presencé of interstitial fluids under restricted
conditions. Hubbert and Rubey (1959) suggest that .shearing stresses
can only be transmi tted across grain boundaries if feffective' stress'

is equal to the yield stress for solid flow. Therefore, the 1n;erst1t1a]
- ‘}‘

"]1qu1d must not be distributed to prevent solid contacts between most

Y

olivine grains. It is possible that plastic deformation could have
taken p}ace'when the liquid pressure was less than in the solids, i.e.

when the liquid was removed by filter pressing (Ra]eigh,‘]965) ana

‘concentrated in low-pressure environments during deformation.

SmTthqg1958 suggested a late stage reaction of 5102 rich
vapours with, olivine to produce the enstat1te of the peridotites. These
vapours,'streaming through an olivine-rich mu§h, under stress, would
prodhce bands and pockets of enstatite realised later as a rhythmic

mineral layering. The enstatite Would therefore be almost a deuteric

product. Although such an interpretation may account for the enstatolite

veins, which show Eross;gutting relationships and sharp contacts with the
1aye;ed sequence, it seems unlikely that it can account for thé multitude
of rhythmic banq§ many .of which show‘diffuse conta;fs at which theré is
no c]ear’siéh‘é% enstatite-o1ivjne regctions.

g . Medaris (1972) deséribés petrofabrics iﬁ»peridotites from

S.W. Oregon, in which strained augén of forsthﬂFe, enstatite and diopside
are set in a fine-graiﬁed matrix. -He suggests that an‘episode:of '

as .
recrystallisation took place during which the 'matrix minerals' formed



- 193 -~

A . L
" at the expenee of the 'augen. or’ coarse-gra1ned minerals'. These
textures are s1m1lar to those gbserved in the Bay of Is]ands per1d0t1tes
. Dickey (1970) descr1bes"tecton1c-type' 1ayers from the
Serran1a de la Ronda per1dot1te as a "fo]1at1on manifested by layers,
boud1ns and schlieren of spinel pyroxen1te“ Further, "these layers
are common in alpine-type peridotites; they resist weathering and;
highlight the,strucpure of the peridotite", and “they may be formee
.:eurihg deformation of the pefidotiie as the more:easily deformed
olivine is segregated from the pyroxenes ahd'spinel'“ . 3
| < Ave La]?ement (1967) and Ave Lallement and Carter (1970)
have shown that tectoniteéfabr1cs,.resemb11ng dep051t1ona1 fabr1cs,.
are of metamorph1c origin and are due to syntecton1c recrysta]11sat1on
Pehébfabric ana]yses‘further indicated that the fabric must ha;e,
| originated during %o]ding and was associated wieh simu1tengghs deformat{on _
of o]ihihe‘and'enstafife grains. Den Tex (1969) afsb interpreted olivine
, fgSrfcs from a]hihe peerotjtes‘a; being e result of hetamerphic u

b

»
deformation rather than primary igneous layering or:deformation of a
. . ' ?

-

crystal mush. N
It seems likely th;} the formation of the layering, the

. deformation of gjjvihe and enstatite crystals, and the folding of layers

and intrusive Oeins ih the Bay of Is]ands heridotites can be related to

an ongoing penetrative deformation. The deformat1on of the enstat1te

crystals is clearly related to the development of the ]ayerlng since
.the deformedvcrysta1sﬂ§nd their 1nterna1 glide planes are often~or1entatee
parallel to theA1a¥ering.' Y -2 '- _ | é |

- . Y : -9

L

\
_ /

. {‘3:



Most workers have aéteeB oﬁta mantle oriéin for‘a1pine
peridotitea (see Wyllie, Cg970) de Rqsver (1957% considered the -
fabrics common 1n.t§uch rocks ’t!} g,d@to de@atwn‘,of upwe]hrﬁ
mantle. Medaris (1972) conc]uded s1m12§r19 that the per1dot.1 tes of
southwestern Oregon show effects of high temperature recrysta111sat1on

A‘that took place as moved upward in the mantle from depths of

' approx1mate1y 20 to 60 kms. Bezzi and Piccardo (1971) noted textures

* in-Ligurian oph1o11tes that.show strong s1m11ar1t1es to those of the
. N

. ‘Bay of ILslands per1dot1tes They conc]ude that ‘it seems reasonab1e

to suppose that Therzolites and re]ated rocks may rgb eient more or

//F*Tess recrysta111sed pr1mary mater1a1 from the uppegq;:ntle,‘oeformed

and fe-equilibrated dur1ng 1ts tectonic evolution.'
- ATthough many authors have described and studied the deforhat1on
and recrysta111sat1on processes by which rocks with primary cumulate
_’yer1ng‘are affecteo during tectonic evolution unt11 they obtain a
tectonite ‘texture which ob]Lterates‘the pre-exigting cumulus features
(Thayer 1963, 1969; Ayrton, 1968 Raleigh, 1965); rocks which show

' transitionaé features,bétween tectonite and cumulus have never been

seenhin the Bay of'ielands Complex and a sharp boundary xists between_

- the tho-t}pes. ﬂit seems reasonable that the'petrofabrics including the

- strong fo]iatton, retrystaliisation'and strain features in.olivine and’
enstatite and the isoc]inal’fo1ding of layers and ueins, repreeent
deformation of material in the upper mantle, andlare comparablg to fabrics

described by Nicolas, et al. (1971), especially 'inthe light-of present
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interpretations of ophiolite suites as slices of ancient qtean1c_§, g

upper mantle and-crust\(Church and Stevens, 1971£"Dewey andFBird, 1971;
Upadhyay, et’al., 1971; etc.). .

Ty
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iv) Origin of vein rocks

.2

*  Bowen and Tuttle (1949) suggested an exp]anat1on for the.

~origin of initially cross-cutting bodJes of dun1te and pyroxen1te in

14

peridotite. They related the origin of pyroxenite to)the streaming

of si]ica;satugated hydrous vapour through cracks. and alony planes of
weakness in fhe peridotite, resy]ting in the replecement of olivine by
the more siliceous énstafite. Similarly, they noted that'oﬂihine might
be produced by a streaming of silica underséturated gasses'fhrough
peridotite, reblacing enstatite by oﬁivine. The mutual cross-cutting
of these bodies was thus a resh]t of the gaseous transfer of components

through the'host-peridotite. This model explains the'dunitic margins

" to many: enstato]1te veins, by removal of silicd from wall rock per1dot1te

“and its concantrat1on in the central part of the veins,

However, there are a number of,d1ff1cu1t1es in accepting this

‘interprétation. The first is obvious and involves the origin of the

hydrous vapours. In moSt peridotite bodies, and the Bay of Islands

Comb]ex is no exceptian, there is a lack of hydrous minerals. The only

o

hydrous minerals present in the Bay of Islands peridotites are phlogopite
and hornblende associated with the basal aureole, and whuch crysta111sed

much later in the tecton1c h1story of the per1dot1tes Serpentine was

obviously not stable at the temperatures suggested for the formation of .

..
’
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the veins by coexisting enstatite and exsd]ved diopside. It therefore
appears that if hydrous vapours were, present they must have been
1ntroduced and were not magmatic in or1g1n'*~Second1y, although such a -
mode]l can.account for the replacement of forsterite by enstat1te, it
cannot account for the presence of c]1nopyrg§ene in the vein.rocks, nor
for the high Ca0 content of enstat1tes 1nd1cated by the exsolution of
d1ops1de"espec1a11y since ca1c1um is rarely concentrated in vapour phases.
‘An alternative hypothesis to that of 1n.s1ty replacement
' involves direct crystallisation from a magmatic 1iquid(s). This is‘the
origin.imnlied by_the apparent intrusive re]ation ips of the veins,
both to one another and’tq}the host peridotite.' However, the origin
of the maéma‘can_vary. '_ -
Raleigh (1965) suggested that pyroxenite'veins represent
segregated liquid fractions of residual magna, filter-pressed out and
crysta11ised'towards the‘end of the intrusion process. He therefore
advocated the origin of the peridbtites by a'crystal sett]ing-mechanisn.
Arguments presented abovehsuggest:tnat the layering of the peridotites |
cut by the veins was related not to crystal settling, but to subsolidus
flow in the mantle. It is pfobab]e that rest liquids did not exist at
' this advanced stage. It is also unlikely that pyroxenite and especially
dunite veins represent relatively late stage fract1onat10n products
unless the original magma was extreme]y ultrabas1c
HoweVer, it i$ possible that the vein rocks represent early
fractionation.products of a basic magma produced by fusion of ‘mantle
material. Most fmagmatic-type' bodies (Dickey, 1970) in a]pinef,

peridotites are gabbroig’or Therzolitic in composition. These veins

L
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_which both cut.and parallel earlier 'tectonic layers' {Dickey, 1970)
have been related to the production of basic magmas by partial melting

"of ultramafic mantle materf&] (Dickey, 1970; Menzies, 1973).’ The vein

- rocks in the Bay of Islands peridot}tes may result from earty

fractionation of such bagic magmas with the residual less mafic liquid
being rgmoved td shallower levels where it formed the mafic gabbros,
diabéses and vo]canicé.

& Megacrysts and xenoliths of aluminous tlinopyroxene, ortho-
pyfoxene; olivine-poor ]hgrioiites, harzburgités and orthopyroxenites
have been reported in alké]i-basé]ts from southerg_Austra]fa by Irving
(1974;, b). These are thought t6 represent cumulates frqm basanitic
and related magmas in'the,pressure range 13-23 kb, and textures such .
as a pqrtia] development of crystal faces on mast megacrysts, suggest
they represent ﬂisagg?egated parts of coarse grained polycrystalline
aégregates, péssib]y veins (see also Ishibashi, 1970 and Strong, 1972).
Simi1ak'fractiohaff0n from an olivine tholeiite is unlikely to involve
ortﬁopyroxene as the earliest crystalline phégé (0'Hara, 1968). O0'Hara
showed that o]i:ine ig the first mineral to crystallise at ‘high pressﬁre
(> 5 kb) from basaltic melts prdduced by fusion of mantle material.
0livine is %ucceedgd by orthopyroxene and clinopyroxene respectively..-
Dunitic veins in fhe peridotifes might thus represent olivine fractionation
from a basaltic melt atvpressuresaof 10-15 kb (Chapter VI). Lherzolites
and olivine.pyroxegites dbu}d similarly result from the éoprecipitation 3

of olivine, orthopyroxene and finally clinop&foxene. Re-equilibration

of the pyroxenes at lower pressures resulted in exsolution textures.

4
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Such a2 model might also explain the marginal enrichment of olivine
in somg veins. The petrogenesis of the veins according to such a scheme

- is discussed furthgr in Chapter V1. - . . _\

’

v) The Main Dunite zone '.‘

Although dunit%c rocks are present throughout the ultramafic
pile, gepera]]y in the form of cross-cutting vein rocks, and to a
lesser extent interbanded wi th peridotite, a thick zone &f dunites is

-

found above fhe‘harzéurgités and ‘is here called 'The Main Dunite Zone'.
This zone ‘is developéd on all the massifé but is especially noticea81e
 on Blow-me-down Mountain. - Smith (1958) noted the increase in dunite
veins and bands towards the top of'the~hariburgites and made a.fhree

]

part division of the Blow-me-down ultramafics into a lower peridotite
1.

zone (here harzburgites with pyroxeniﬁg veihjng), and jntermgdiatef .
peridotite and dunite zone (here harzshrgites with increasing dunite

bands and veins) apd an upper dunite zone'Yhere the Main phqfﬁéﬁléné).

It js not possible to make an accurate Qetermingtion of thé.‘ﬁizknesé

of the Main Dunite zone since the-upper ;ontact is intérbahded with more
feldspathic rocks, and in the field jts base is gradationa] from harzburgites.
However, the gener;1 trends of théé@ contacts are mapqab]exand, on average,
~the tﬁickness of the zéne may reach 700 metres on Blow-me-down Mbuntain,-
and generally s1ight1y less on Table Mountain and Nprth Arm Mountain

(~v 400 metres). Although fhe'zone is composed almost éntirely of mono-
mineralic dunite, ather rock tybeé including c]indpyroxehite and chromitite

. are included, since they seem to be confined to tﬁ?s horizon within the

ophiolite slice® as a whole, \\N/
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As with the dunite vetns found in the harzburgites,'the
rock weathers to'a hright~yet1ow;.smooth,-eVeneérained‘surface on which
b]éck,llustrous thomite"grains are emphastzed by positive relief, and
is tnps'easily disttnguished frqm peridotite in the fje]d. Cpncentrations
of chromite and clinopyroxene actdr at the base of the zone and feidspar
becomes a major phase towayds the top. Orthopyroxene is re]atjvely.rare
- away from the harzburgites.
-Although highly a]tered, and,properiy called-a serpentinite,
enough origina].minera1egy is ava11ab1e,pand textures of_serpentine
,~4ggregates derived from o]ivine are distinctive enough to estimate the
\\9r1g1na1 assemblage and to- a]]ow rock names to be app11ed on the basis:
‘of pre-serpentinisation compos1t1on of the: rock. . The dun1te 1s a mono-
.m1nera11c rock composed a]most ent1re1y of o]1v1ne. Minor amounts of
c]1nopyroxene and orthopyroxene may be present and chrome sp1ne1 may
form up to 1% of the rock ( Fig. Vc) An increase in these minerals
gives rise to pyroxene dunites or olivine pyroxenites and chromitite

l

respectively. Tectonite fabrics are rare]y present in the main dun1te

zone and the maJor features are a resu1t of crystal settling and
accumulation (Wager gt_gl;, 1960; Jackson, 1961). In hand spec1men

these cumulate features are only recognisab]e where other mineraTs in
addition to o]1v1ne arevpresent in the rock. " Thus pseudosed1mentary o
features such as 1ayer1ng, graded- bedd1ng, m1nera1 grad1ng, Cross- bedd1ng, . ~.
Ascour and fi11 structures and sTump strugtures are emphastzed,by.the

presence of'chromite, clinopyroxene}'or feldspar (Ptates XXXVIIIa and b).

The mineral layering differs in scale from the banding in the peridotites, .-

being ‘generally. much thinner, more continuous and mOre constant in
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thickness. The layers generally trend and dip paraliel to the main
contact with tfle underlying harzburgites, although the latter is not
easily discernible evefywhere as explained ?bove. .

Olivine gf&ins are euhedral to subhedral and highly fractured
(Plate XXXIXa). The average size of crystals is 3’to 4 mm, and can be
dgtermined by theiuniform extinction position of adjacent relics of
olivine. Such patterns also indicate the 1§ck of post-serpentinisation
deformation. The o1jviné fs colourless with a large positive axial -
angle (ZVt"B?O-BQO). Indices qf refraction indicate fofsterite contents
of the order of Fo89 UQF = 1.65§ + .001, N r- 1.670 + .001). Euhedral
or.partia]]y.rounded o]ivfne Qrains (.06 - .40 mm) occur as small .-
inc]usions.ip ch}omite and rarely enstatite. Intercumulate chromite
may form up to 1% of-the dunite. It is disseminated throughout the
main dunite zone. It occurs as'translucent red, anhedral grains fi11jng
interstices between olivines. Magnetite rims occur as a result of
' oxidat}on. Where enstatité is present, small rounded chromites are |
rarely seen as inc{usipns (Plate XXXIXb). Clinopyroxene (Ca48 Mg49 Fésj .
' also'occurs as a dissemjnated intercumulus mineral forming 0.5 to 1% o
of the average rock. ﬁowever, both chromite andAclinopyroxene occur as
. cumulus minerals towards the base of the'main dunite zone. |
¥

vi) Chromites

Layers of cumulate chromite may reach several éentimetres in
thickness but are not laterally continuous for more than 1-2 metres.
In many p]acés, post-accﬁmu]ation~slumping (possibly lubricated by trapped

1iquids) has slightly deformed these'layers. Such Eoncentrations of

A
S5
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cumulus chromite have not yet been recognized on Table Mountain, but

are present on North Arm Mountain, Blow-me-down Mountain and the LewTs:
Hi1ls (Malpas and Strong, 1975). In the Stowbridge Head area of North
Arm Mountain the-chromite concentrations occur in the main dunite zone
Jjust above its contact with the harzburgites and about 500 metres
stré%igraphfca]]y below»the interbanded upper boundary. The chroﬁite
occurs in lenses within the serpentinised dunite, which strike and dip
parallel to éhe'genera].trend of the layering in the ultramafic rocks..
Although some harzburgites are found near thé chromite deposits, none
haQe‘been found in direct association. Small concentrations in a similar
.setting are found on Blow-me-down Mountain and are noticeably affected
by post-accuhu]ation aeformation (sée also Smith, f958). Two major
“cnromite deposits a;e also known from the Lewis Hills.

The Ehromite is opaque black ta slightly transiucent red in
thin section. The crystai form is modifiea by adcumulus growth which
éements crystals together (Plate XLa), anq the individual .grain size is
thus difficult to détermine. On average, however, it appears to be in
the ord'er of 0.5 to 1 mm,

-Gradﬁhg of chromjfe-rich layers exhibiting sharp bsses and .
an upward decrease in chromite froh approximately 90% to less than 15%

occurs over thicknesses of.10 to 40 cm.

vii) Clinopyroxenites

- . Smail lenses of clinopyroxenite are exposed both at the base

of the dunite zone, and towards its top. Elsewhere in the zone,

AEEN
'
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c1iﬁopyr€&ene occurs as a minor inte;cumulus phase. The mdre haésive
1enses of ciinopyroxeﬁe are -found on Ndrth Arm MeuntaiB and Table
Mountain and have been reported from the’Lewis Hills (Smigp; 3958).

On North Arm Mounfain a number of‘discontinuous lenses, s]ightly
discordant with the{ag1n cumu]ate layering, stretch over 4 km at the
base of the dun1te zone. “The lenses attain a maximum thickness of
50.metres, but are rarely more than 200 to 300 metres in length._ The
pyroxene weathers to a grey-green granu]ar.appearancei in thin section,
eohedral cumulate crysta1e with well developed (100} parting are

N
relatively unaltered, but may.be modified by adcumulus growth. Optical

'properties (2V'~56°, extinction angle ‘:& a0°, g =0, 669) suggest

that the pyroxene is almost pure diopside. Small amounts of fquterite |

are also present. With an increase in modal forsterite the ‘ro

called otivine clinopyroxenites.

v441) Fe]dspath1c dun1tes

Feldspar becomes a major mineral in th dun1tes towards the top

of the zone. Thus by an rease)in feldspar,

1nto trocto11tes, and evéhQE\TJ}thorthos1t

feldspathic dunites grade

However, as well as this

'vertlca] gradation, variations in rock typés along str1ke also occur and

it is not unusual to find feldspathic dunite wedging quite rapidly into '

dunite or even clinopyroxenite. . _
Feldspar stands out as small, white; resistant kn95§ on the

smooth yellow dunite surface, greatly enhancirg the ‘cumulate textures

(Plate XLb). Apparent inverted grading due to increase in modal feldspar

upwards (i.e. a-mineralogical Qrading), and cross-bedding and s]umpinge'

~ have been recorded from exposures on Table Mountain (Plates XXXVIIIa, XXXVIIIb).
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» . In thin section, origina] euhedral olivine and feldspar

‘

=g %

,crystals have been mod1f1ed by adcumu]us growth (P]ate XLIa).
'Intgist1t1a1 c11nopy§oxeneﬁ1s not uncommon,_espec1a11y towards the

;&ritiCa1 zone. Ea1eic.p1aguoc1§se forms on averagep§% of the Frock

' although it may reaﬁ.‘as much as 40%:3t the base of some graded layers.

.. A large proportlog is altered to a hydrogarnet (R I. 1 59-1.68;. " &

'.Sm1th 1958), aTthough enough remnants of the p1ag1oc1ase can still

be seen to make opt1cp1‘determ1nat1ons,(P1ate XLIb). Cumylus
plagioclase (Anis_goj'occurs very often in aggreoates with crystal sizes

of about 1 to'1.5 mm. .Intercumulus plagioclasen(An7o_77) partieiiy or -

. tota11y enc]oses Pounded olivine grains (Plate XLIIa) and is.very often

'h1gh]y a]tered

. and may include bo&h,o1ivine and euhedral feldspar.

Clinopyroxene (Ca47 Mg47 Feﬁ) occurs as en intercumulus phase

. ix) The Cr$tioa1'20ne: Interbanded rocks of the uTtremafic-
‘ : gabbro contact = ’

) : : £,
A zone of extremely well- 1ayered rocks marks the, contact between !

the ultramafic and o;bbro1c zones. It has been called the 'Critical Zone
by ingerson (1935), Coopeﬁ?(1936)} Sm1th (}958), and Irvine and F1nd1ay
(1972). The Critfca1 Zone islnot a?weyé completely preservéd; for exampfe,
much is removed by faulting on the northern slopes of Table Mountain, and

even where it:is present variable th1cknesses have been recorded. On

. &

North Arm Mounta1n, the zone strlkes genera]]y northeast and is, re]at1ve1y

thin (];@M) a]though much might be covered by talus deposvts on t(g’ @

-
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Liverpoot! Brook gorge. Similarly on Blow-me-down Mountain,.the

drainage system has cut down along the strike of the zone, and much

_is obscured., The best exposures therefpre occquon the eastern margin

of the Table Mountain gabbro, and on Mount St. Gregohy, where *the
_Critica] zone defines the western edge of the North ‘Arm Mountain
massif. Some‘of the gabbroic.aheas of the Lewis Hi]]s, mapped by
Smith {1958) are composed entireTy of dnferbanded rocks, and the Lewis
Hills also appears un1que in that -interbanding of gabbro ‘and u1tramaf1cs
appears at a number of d1fferent horizons, some quite ]ow down in the
main gumu]ate dunite zonstiA.R. Bergerivpers. comm., 1974).,

Individual layers within the critical zone are eﬁ variable
thickness from 1-2 cm up to several tens of mesres and haVe-been called
éabbro, dnorthositic gabbro,.ahpﬁthosite c]ihopyroxenite olivine ;abbro,

troctolite and feldspathic dunite. Compar1sons were made by Sm1th (1958)

o the textura] re1nterpretat1on—of these terms, espec1a11y harr1s1te e
4 D, ;
.

(wadsworth 1961) they are not used here. 'Q {! ,:, ﬁk :iﬂ

The layers appear to be s1mp1y cumu1ates‘ﬁons1st1ng of%?ir?gble .
_proport1ons of cumulate p1ag1oc1ase pyroxenE'and~o11v1ne, and d1ffer 1. o

from the under1y1ng dunites in “their overall finer sca]e of layerlng and

L

rap1d changes in m1neralogy .

In general there is an increase in feldspar-rich bands away from
the main u]trahafic body, but complex interféngering of rock types is common

- 3
and there is a smatll amount of post accumu]at1on deformat1on (Plates -.

XLIIb and XLIIIa) Abrupt a]ternat1on between wh1te fe]dspar, b]ack

L

.
-9
o

-4

with harr1s1t1es and a1]1va11tes as def1ﬁ§d by Harker (1909) but because 'ﬁn:;'ﬂ
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pyroxene and brown serpentinised olivine bands make such changes -

distinctive in the field (b]ate XLITTb). Dips of the layering are
highly variabie and reversals are not uncd%mon, related td'both pre-
and post-consolidation deformat1on The interfingering accounts for
the lack of a well- def1ned strat1graphyt ip the Critical Zone and the
layers are essentially a series of elongate lenses rather than v
continuous bands. These lenses ma& be slightly discordant to the
general contact trend of the dunites and gabbros The layering and

repet1t1on of rock types 1s reminiscent of typical stratiform intrusions

' (Nager and Deer, 1939; Jackson, 1961; Findlay and Smith, 1965; Brown, 1956).

. By analogy, the critical zone sequence probably formed by accumulation of

olivine, clinopyroxene and plagioclase pretipitated in diffefrent

proportions by fractional crysta]]isation of basaltic magma at shallow

~ depths during periods of repetitive introductionﬁof fresh magma (Irvine,

1970) The.distinctive ?ipe-scale ‘layering in the zone may be .related

“ o to. these 1nf1uxes setting up temperature grad1ents and turbu]ence in the

body oF m1xed magmas (Wager, 1963). - Forsterite, where present, is a]ways

an early cumggate phase, ,and may be associated with cumulate c11nopyroxene
,'and/orvplagiOE1ase Bbth_%]inopyroxene and plagioclase also occur as

" 1ntercumu1us phases. &

Rocks containing fe]dspar 1nc1ude fe]dspath1c dun1tes, N
feldspathic wehr11tes, troctolites, anorthositic trocto]1tes, anorthosites,
fe?dSpathie pyroxenites and gabbros. The distinction between these types
is arbitrary but can'be based upon Fig. Vc éSmith, ]958) P1agipc1ase of

compos1t1on An74 79 (opt1cal and x-ray determ1nat1on) occurs as crystals

' /;' of 2-4 mm maimm\p d7m9n510n The - p]ag1oc1ase varies jn amount but is a]ways

(
AN
{
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Figure Vc:  Rock types of the Critical Zone and Dunites
(Smith, 1958).

~



1 Dunite
2 Fd.dunite

3 Fd.wehrlite " -

4 Troctolite
5 Anorthositic trctolite
6 Anorthosite

7 Anorthasitic gabbro

v

.

8 Gabbro |
9 Clinopyroxenite
10 Fd.pyroxenite
11 0. ' ’
12 Wehrlite

13 Ol. gabbro
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a cumulate phase, although may be present as adcumulus or heteradcumulus
growths in 5ddition. Imperfect alignment. of p]agioc]ése laths is not
uncommon. No plagioclase zoning has been obtica]]y 1dentified'in any -

of the above rocks, but minor normal zoning has been determined in
blagfoc]ases from the gabbros by microprobe traverse§ (Appendix I).

Small euhedral cumulate crystals of plagioclase are often enclosed in
intercumulate clinopyroxenes in gabbros and anorthositic gabbros.
Alteration of feldspar to epidote and sericfte is not uncommon, especially
in rocks where pyroxenes are altered to amphibole. Expansion fractures
are ub1qu1tous in-troctolitic rocks where olivine has undergone .
serpent1n1sat1on (Plate XLIVa). Saussur1t1sat1on has taken place
_preferent1a11y along these cracks and may be associated with growth of
-1ight brown pleochroic amphibole. This wou]d,suggest that the
serpentinisatipn began as a re]atfve]y ear1y automorphic effect.

Anorthosites 6ccu¥ whqfe m%nerélogica] grading results in a
.. rock that is almost 100% plagioclase. Thué anorthositic'bands are really
the upper parts of graded layers which shpw‘p]agiocfase increase and
ferromagnesian mfnera] decrease gPlate XLIVb) .- The }ayers are relatively
thin but fairly abundézt towards the -top of the critica] zone away from
‘the main ultramafic body. The anorthos1te is made up of relat1ve]y large '
(1.5 mm) interlocking crystals of bytown1te of compos1t1on An74 78 (opt1caf
_ determ1nat1on) (Plate XLVa).
Clinopyroxene is a major constituent in clifopyroxenites,

wehrlites and gabbros. In fhe clinopyroxénites and mdst o]ivine.
c]ipopyroxenites, it is a cumulate bhase. Where plagioclase is preéent,

~and in some wehrlites, clinopyroxene often occurs as an intercumulate

-
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phase. In gabbros, clinopyroxene occurs as 1nd1v1dua1 gra1ns’or
aggr;at%bs of grains interstitially to p]ag1oc1ase laths.

Poiki]it1c gra1ns of considerable size (2-3 mm) enclose rounded
plagioclase laths and exhibit uniform extfnction. The clinopyroxene
is generally colourless or may be slightly pink-brown pleochroic.
DiaTlage pa;ting is well developed and optical properties suggest
compositions of Caz, Mgy, Feg (Nw1.674 £ .002, Ny 1.703 ¢ 002)

Irregulgr coronas of brown amphibole rim the c]1nopyroxene in p]aces

suggesting a reaction relationship between it and p]ag1oc1ase 'In

. some rocks, especially where a tectonic fabric has been superimposed,

clinopyroxene may be totally reb]aced by ba]e green actinolite with a
marked fibrous habit. ‘

Olivine is a major constitent {in dé::?és, fe1dspéthic dJﬁites
and trocto11tes in which it always appe;kf as cumulate phase. As in
the main cumu]ate‘aun1te zone, the olivine i more iron rich than that
from per1dot1te tectonites and opt1cq] propert1es ZVU' 87-89° ) indicate
forsterite contents of aro 87-89" Smith (1958) suggested that
olivine in the trocto]?teéicrystailised as a late phase interstitial
to plagioc]aseif Howgvgr, since olivine is obviously enc}osea in

plagioclase (Plate XLVb) and because of the suhhedﬂ%] shape.of equi-

dimensional olivine crystals, it appears that most, if.not‘a11, olivine

is an earlier precipitate, probably crystallising simultaneously with
plagioclase. Coronas of ‘pyroxene occur regularly around olivine in .
contact with plagioclase (Plate XLVIa). Whether this is clinopyroxene or

orthopyroxene cannot be determined since alteration to tremolite, chlorite’
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and serpentine is fairly widespread. Thus much pyroxene is replaced by

colouriess, fibrous intergrowths, especially where associated with

~

serpentinised olivine.
Orthopyroxene {s an extremely rare mineral in the crﬁtica[
'20ne. It occurs rarely in dunites and gebbros but is of restricted
distributioni Chromite occurs in some dunite bands as an acoessory
.mineral. Magnetite occurs as a secondary mineral by serpentinisation
of olivine and oxidation of chromite. The‘development of th{s magnetite

might explain the‘magnelic anomaly which marks the critical zone and

reported by Hodych (pers. COmm.,_]974).

x) Gabbro : . ' i

rl ‘ . . - ' r_J
Gabbro forms a major zone up to 2 km thick above the Critical

Zone on Table Mountain, North Arm Mountain and Blow-me-down Mountain.
. ‘;} N ) .
Gabbros dre not present to any extent on the Lewis Hills where the

highesf exposed parts of the section appear to be in the Critical Zone.

k]

The gabbro zone is most fully developed in the‘North Arm Mountain massif,'

‘ .a
-where complete sections are present on.both levels of the synclinal

stiucture. _0n_91ow-me-down Mowntain, the gabbro zone is faulted at the
leading edoe of’fhe thrust sliee on the western synciinal'Timb bot is
complete on, the:eastern limb. -The gabbro 1s not ent1re]y preserved on
Table Mounta1n, the upper parts of the zone hav1ng been removed by erosion.

Severa] downfau]ted b]ocks -of gabbro are preserved on the southern slopes

of Iab]e Mounta1n c]ose to Trout River Pond.
. Many varieties of gabbro1c rocks are found in the zone _These

vary from anorthos1t1c gabbro, to melagabbro, and from relatively

4

)
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fine-grained var1et1es to pyroxene or amph1b01e bearing pegmat1;§ir
The most common type is a medium to coarse-gra1ned 1eucogabbro his

common]y grades into a melagabbro by 1ncrease in c]1nopyroxene or \\\>

anorthosite by an increase in p1ag1oc1ase. . —“_~F\\‘\\g\\3
' ~ The 1eucogabbro:\me1agabbro'and anorthositic gabbro are :

generally massive and poorly banded. The banding is variable in

Zone. This may be a result of siumping, cross—bedding. %ng
actlon which have been descr1bed in other strat1form 1ntrus1ons (edg.
wager and Brown, ]968). However, in some cases m1neraT lineations
are c]ear1yAa result of pos;-conSoTidation deformation. Layering is .-
genera]]y of a fine scalé; varyiné between a few centimetres and
'sevérel'metres thick (P]ate‘XLVIb).‘ It is enhanced by the pitted
: surfacegweathering due te differentia] erosion of white fe1dsbar and
_green-brown clinopyroxene, . . . | E @
P]ag1oclase is general]y random]y or1entated excegg where a
secondary fabr1c has been 1mparted Good cumuTate and adcumu]ate
gensunes are preserved, but crystal size is variable. On averege

e ' . ) . d-

crystals reach 2-3 mm in size, but may be cons®erably smaller or~mUch'§;5

’

larger (Plate ﬁh;lla) For examp]e an equanf fine-grained,-'sugary’
leucogabbro occurs at the head of L1verpoo1 Brook on hbrth Arm Mountain
{Fig.’ IIIB) in wh1ch p]ag1oc1ase crysta]s do not get 1arger than 0.5 mm.
Optical propert1es suggest the p1ag1oc1ase is bytown1te (An70 78) in

composition Gﬂthough the average is genera}ly more sodic h1gher in the

zone, However, no definite correlation exists between p1agiot1ase

.%
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suggesting a high titania content, akhd exhibit good diai]age part{hgz ]

fractures .. ' ' . o '

o . - 20 -

composition and position in the zone. Triple point junctions are
fairly common between adjacent plagiociase grains, but may be masked
by alteration. Various stages of alteration exist from fresh

p]agibc1ase to grains which are almost compietely rep]aced'by fibrous

sericite and some epidote. This saussuritisation is especially

preva]ent in rocks where o]jvine is present and has caused expansion
fractures guring serpentin{sat1on. | |

o Augite generai]y.otcurs as an intercuﬁu]até phase as.po{ki1itic
cryétg1s up to 2-3 mm m&ximuh dimension. The &ugjﬁe contains'bbth
plagiaclase and oiivine as rounded grains with which'reactjon relation- .

ships are visible. The pyroxene cryétals are'pinkish pleochroic

2V y varies from 50° to 55° + ve. E;tinctioﬁ angles (Z A C) vary between e

45° and 48°. Smifh (1958) suggests a composition of Ca M940 Fé 20 for

the augite on the bas1s of - optical propert1es, but it seems that

composnt1ons are var1ab1e However, it is qu1te clear that 1ron contents

are 71gn1f1cant1y h1gher than in c11nopyroxenes from the per1dot1tes N

Irregu]ar react1on rims of brown p]eochr01c amph1b01e occur betwegn - T

«

clinopyroxene and plagioclase (P1ate XLVIIb) and the c11nopyroxene in
@

[

some gabbros may be partiq]?y or comp1ete1y a]tered to pr1smat1c or- ' _;}
. fibrous actinolite ér rarei} chlorite. =Tﬁe degree of 51teration doés . :,
nét ;appear to be dépendent‘on pos%tion in the zdne: butris correlatable

with sericitisation:.of plag1oc]ase and the deve]opment of expansion fi ..‘ -

9

[ N -

Olivine is found as major mineral in the lower gabbros, but-

may occdr sppradica1iy throughout much of the zone'except.for ‘the highest _

L 4
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parts. On average, olivine disappears 800 metres above the cr1t1ca1
zong. It is locally serpentinised with well deve]opedimagnet1te.r1ms
but generally much better preserved than in the ultramafic rocks
Generally the olivine appears as an 1ntercumu]ate phase but an some: A/

Tower troct011t1c gabbros, it may be preserved 1nc1uded in plag1oc1ase,

and is an ear]y crysta111sat1on product Reaction coronas between

_olivine and p]ag1oo]ase are fa1r1y.common; they are sometimes

identifiable as clinopyroxene but are more generalfy.altered'xo

. - € .
aggregates of tremolite arfd serpentine. Magnetite is a major atcessory
phase in some rocks. It'appears as a late intercumulate phase generally,

although in the same rock it may oqgur as inclusions in pyroxene,

amphibole or plagioclase. It is seen developed along partings or
cleavage in some pyroxenes (Platé XLVIIIa). Magnetite shows reaction

rims of brown hornblende in contact with p1agioc1ase

Pegmat1t1c‘%abbrqs are of two major- types On Table Mounta1n,

[

pyroxene- p]ag1oc1ase pegma%1tes occur as bou1ders in the fe]senmeer, but

L]

_have not been found as outcrops in place. Pyroxene crystaTS reach

several centimeters in dimension and grow interlocked with tabular-

plagioclase of simi]ar‘sizes.' The pyroxene apgears to‘have‘Orjginelly

been augitic in composition, but is almost totally replaced by actinolite.

The -plagioclase is alteréd to sericite and its composition.is not

determinab e.
. : N . T ,
On Blow-me-down Mountain an area'of hornblende gabbro has

been mapped (Fig I11b), apparently 1y1ng as a 'blind pocket' or lens,

at the top of ;he gabbro zone. The gabbro is made. up of a number of phases

which show intrusive relationships with one another o) thaq blocks of
. ) .v '/.‘ . .

N . - - L
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coarse pegmat1te are often seen 'f]oat1ng in a matr1x of finer
hornb]ende gabbro or d1or1te (P]ate XLVIIIDb). Typ1ca11y the pegmatite
‘conta1ns up. to 50% brown p]eochro1c hornblende, 40 to 45% plagioclase
and efcessory opaques, usua]]y magnet1te._’h1nor augite has been
recorded but is usuai]y totally replaced by chlorite. hornb]ende .

ts the major amphfbole‘in all phases of the gabbro. - It is often

altered marginally to biotite and ch]brite Crystals may reach 5 or 6 cm

&

AR | | 1ength and show no preferred or1entat1ons Twinning is often evident.

L
[

P]ag1oc]ase is very often completely saussuritised although

/(—\\\Remnant tw1nn1ng indicates an original compos1t1on of An40 45 (Andes1ne)

No tectongc fabr1cs are present and amph1bo1e does not appear

- to be replacing any earlier ferromagnesian mineral. Together:;;fh*tﬂe

crystal, habits,. this suggests that the amphibole .is of a primary ignebdus
origin and that it ﬁrystallised directly from pockets of hydrous quie
magma. Quite probably,-the water was derived asspercolating sea-water,

but th1s hypothes1s may only be substant1ated by oxygen 1sotope

\ .
determ1nat1ons now in progress (see also Spooner, ]974‘ Spooner and

‘Fyfe, ]973 and Spooner, et al. 1974)

S On Blow- me= <down Mounta1n the hornblende gabbros are cut by

2 number of bas1c ‘and 1ntermed1ate d1kes wh1ch are traceable, 1nto the’

4

‘. ‘over1y1ng sheeted dike- complex. The latest per1od of 1gneous act1v1ty
_appears to have been 1ntrus1ons of quartz d1or1tes wh1ch cut the basic

. dikes at a sha]]ow ang]e (Plate XLVIIIb)

o -
,Sim1lar hornblende gabbros to those described above are known

/

to be ﬁssocfatéd with ophiolite suites in Orsgén (Dott, pers. comm., 1974},
. - . e . .
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fhelLizard Complex and Cyprus (Malpas, g&_gl%, 1973). However, the
best examples yet observed by the writer are found on Brighton
Island, Notre Dame qu, Newfoundiand, where thes€”Trock«types form
late intrusions into the dikes and gabbros of 6phio]ite suites and
possibly represent‘off-ridge axis volcanics (Plate XLIXa) (Strong,

1972, 1973; Hussey, 1974). In all cases the amphibo]ftic pegﬁatites
. appear to be in pockets and veins close to the‘qpﬁer gabbro contact
imﬁediaté]y below the sheéeted diabase zone. »

.Squhide mihera1isation within the gabbros;is confined to

shedr zones which are not uncommon. For example, on Jumbo Head at
tné narrows of Trouf River Pond, chalcopyrite and pyrite are associated
with sheared and bre;ciated gabbros and quartz;vein Pyr}hotite~has
been reported from shear zones on tne_northérn flank of Borth Arm

: a
Mountain (Lilly, 1957 and Figure IIIb). - ‘ -

xi) Amphibolite inclusions within the gabbro zone

In the Sandy 'Lake area of North Arh'Mountain, fine to mediym-
grained black amphibolites crop out over an area of approximately 6
square km. Similar rock types are found in a“small body on. the South
sidé of Trout River Pond (Fig. IIIb). In ha;d specimen these‘amphibqlites
ére reminiscent of s&me amphibo]%tes‘of the Little Port Complex fgund~on
the coast at Big Cove., The‘rock; appear te-have a c&mﬁ]ek structural
histo?y and are not simply a more deformed part of the main gabbro whﬁéh
c1ear]y'surrbunds the,émphfbdlites and transects any schistosities within

—

PN

them. -
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In thin section amphibole is seen. to form as much as 50-60
percent of the rock, and in many cases is clearly forming“at the
expense of'c1inopyrdxene (Plate XLIXb). In other cases, clinopyroxene

is absent or has been,completely replaced. The amphibole displays

p1eochroic_schemg; of generally green, yellpw-green and green-brown,

but'may in cases have distinct b]ue Ein Extinction angles

(K Z; of about 16 and ZVO( of 90° suggest that mos amphibole ie

common hornblende. . Straight crystal boundaries and tr point ¢

junctions suggest considerab]e annealing of the rock. The amphibole

roccurs as smiall gra1ns around the margins and in the cleavage traces

of some large c11nopyroxene phenocrysts. These phenocrysts may reach

as much as a centimetre'in maximum dimension, but are_entwre]y replac

in finer-grained rocks. -Nhe}e a well developed mineral lineation/occurs,

it may cut sha]]ow]y across a mineral banding between amphipole and

plagioclase. The plagioclase occurs as small equigranular gfair!é of

‘approximately 0.1 mm dimension, which exhibit siraight grain<boundarie§

and we]l developed triple point Junct1ons This would suggest re]atively

1ntense cond1t1ons producing annealing. The small grains are formed at

the expense of, origina] larger Iath—shaped crystals (up to 1 cm long axis)

which often show‘bent twin lamellae, undulose extihctjon, and granu]ation'

along their margins. The plagioclase has compositions varyihgﬁbetween,

.An50 and Aﬁgﬁ. . -, | | | .
Original igneeus features are preserved in the amphibo]ifes

The sch1stos1ty often‘Eei: across contacts Letween rocks of different

gra1n size and these varying grain sizes of the or1gwna] rocks obviously

o~

V. - C - " /(7

o
i !
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determine the intensity of the tectonie foliation and the degree of
rep]acement of pyroxenes by amphiboles (Plate La). The mineralogy of,
the amphibo}itee suggeste that the rocks were origine11y gabbrbs.

Smi th (1958) concluded that the amphibolites formed part of the roof
zone of intrueions and that this zone inc]uded'metagabbros,

metadiabases aqd metavolcanics. However, sereral other origins may

be proposed. C(learly the basic rocks were metamorphosed and deformed
prior to inc]usion‘in‘unmetamorphosed gabbro. They cbu]d therefore
represent rocks produced and metaﬁorphosed at an oceanic spreading
ceetre betore inclusion in younger gabbros produced durifly subsequent
intruéiqn and extensien, as suggested by Strong (1974). . The metamorpﬁism
) may,.in this case, take place under deminantly horizontal shear. stresses
during Tlateral spreading (Strong aed'Malpas, i975), or under dominantly
vertical shear stresses along transform faults (Malpas, et al., 1973).
Alternatibe]y, the amphibo]ites could‘represent much older cruéta]
remnants caught up in a new spread1ng episode, .either in a marg1na1 or
maJor’ocean basin. It seems probable, however that they are closely
related to amphibolites of the Little Port Comp]ex, the origin of wh1ch

_ v
has been argued above (Chapter III). '

~  xii)} Origin of primary - textures in dun1te zone,ACr1t1ca1 Zone
and gabbro

(R ocks of the main dunite zone, Cr1t1ca1 Zone and gabbro zone

L

.\

may be c]ass1fned together on the bas1s of primary textures. Unlike the

. peridotites, they still ethb1t features which suggest they accumulated

-
(43
)
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after primary precip}tatfon from a liquid melt, with additioné]
interstitial minerals cry;ta11isiﬁg from trapped rest 1iquiqs.

Such cumulate', 'adcumulate' and 'intercumulate' textures have'been
described by Hesﬁ.(1960), wqger and Deer {1939), Jackson (1961),
Wager, et al. (1960), Wager and Brown (1968), and Wadsworth (1973).
In the fié]dithe'crysta11isation history of these-rocks is manifested
by pseudosedimentary features such as 1ayerin;, minera1-grading,'
size-grading, cross-bedding, gTump-structures and scour'and fill
structures -(Wadsworth, 1573).-Yhysta1 ;éttling is a highly efficient
mech;;ism of separat{;g early formed crystals from remaining 1iqﬁid
and thereby producing a vafiet} of igneous rock types from an initially
homogeneous magma. The order in wh1ch var1ous minerals appear
'stratigraphica]]y in the p1le 1s used as an 1nd1cat1on of the order
of crystallisation from the magma, a]though settling velocities of
minerals should be taken into account. The repetitive nature of thé'

— . | )
layering (rhythmic 1ayering) in’ some gabbroic intrusions has been taken

toilg%:séié repet1t1ve 1ntrus1on of fresh magma coupled wlth the action

of turbidity currents set up By d1fferent1a1 therma1 gradwents in the
t S . -

magma body, (Brown, 1956).
\> s , , i
N . ‘ T ' e

xiii) Secondary structures in the cumulate rocks ;

" Parts of the Critical Zone and some gabbros have been affected
by post-consolidation deformation. This secondary deformation appears

“confined to the lower cumulate rocks and is'particu1ar1y'abﬁarént where
, 4

rocks of contrasting mineral composition and b&ssib]y competence are
L] . . /

-~

-

R
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juxtaposed. Its effects are recognisable as a strong minera1'foﬂiation,

.especially of the p]agioc]aées, and isoclinal folds with fold axes

parallel to the regional layering, f.e. originally f]at—]yihg (PTates
XLIIb énd XLIITa). The mineral foliation is found as an-axial planar
fabric to some folds, although later fo]dé obviously fold this fabric
(Plate Lb).A The déformation is particularly well developed on the Lewig
Hills (A.R._Berger, J.F. Dewey, pers. comms., 1974). Some 1qyers are |

amphibolitised and hornblende and pyroxene augen are a common feature

in some gabbrojc rocks in the transitional zones of the.Lewis Hills.

~ Both there and on Tab]é Mountain and North Arm Mountain where the

deformat{on occurs to a much Tesser extent, the deformed zones are .
restricted'to narrow‘hori;ons and are uﬁder]ain and over]a?n by
undeformed cumulate rocks. The writer suggests that the céuse of the
deformation is a Tatera} shearing and translation within the infrusion
in which the competency of the rocks is affected by tﬁeir degfée of
conso]idatibn. Rem‘ént'interstitial magmatic quﬁidé m:y'lubricqte
some zénes whilst the lack of it in more consolidated zones relatively
qiose By may cause deformation, to proceed in a more brittle fashion.'

Thus the deformation would have taken place soon after the intruSion'.

of the magma bodies,'possibly during lateral movement away from a

.spreading centre. .

Y

xiv) Quartz-diorites

Rocks of dpartz-dioritjc combosition cut ggbbros and diabases

- { ’ . - .
on North Arm Mountain and Blow-me-down Mountain. No such intrusions are

a

rd
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recorded in the u]tramafic rocks. A body of quartz-dio?ﬁte cuts the
~basal parts of the sheeted d1abase unit on B]ow~mechWn Mountain and
small bodies of- s1m11ar rocks -occur near the Gregory copper depos1ts on
Mount St. Gregory in the form of dikes and the amphiboTites on North., . -
Arm Mountain as small stocks.(Fig I1Ib). In the 1atter case 1nc1us1ons
of amphabo11te are part1a11y resorbed and contam1nate the diorite. The. .
outcrop areas of quartz-diorite eg;ely exceed 1 square kilometre, and -
they vo]umetr1ca11y form an almost 1ns1gn1f1cant part of the 1ntrus1ve
sequence They are considered to "be the most fractionated porticn of

the mafic magmas that crystailised as the cumulate rocks (Coleman, 1971},
. This origin contrasts witﬁ that of trondhjemites-and quartz-diar?tes
associated with ophiolitic amph1bol1tes as part1a1 me1t1ng products of
"the amph1bo]1tes during metamorph1sm (Payne and Strong, in prep and page

?

this work). ey
X

Altered p]ag10¢1ase and quartz form together 90 percept of
the rocks as interlocking grain8’ up to 2.5 mm' dimensions. The .
';p1agioc]ase Earies from andesine to albite in compositien and “is
~!gl:;.ner'alnw hiéh]y a]fered The most common type is zoned, untwgnned
albite in which rims are re]at1ve]y fresh whilst cores are h1gh1y
saussur1tlsed f]agloc]ase laths are sometimes enc]osed in poikilitic
quartz The quartz has undulose extinctiongand forms up to 45% of the
rock. A]tﬁBﬁ§ﬁ/¥he quartz crysta1s are equ1d1mens1ona1 they are
variable in size from 0.25“mm_to 2.5 mm in diameter (Plates Lla and
LIb). )

- Amphibole forms up to 10 percent of the rock. . It is ggeen-~

brown pleochroic and-optical properties suggest it is hornblende.

s - ' 4
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Jlate stage cross cutt1ng prehnite veins are common
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Chlorite often forms alteration rims around the amphibole. In the
. . ® )

quartz-dforites intruding amﬁhiboiites, resorbtion of xenoliths may

»

lead to apparent]y tigher contents of amph1bo1e‘c1ose to the 1ntrus1ve

? o
Ep1dote, z1rcon, apatite and magnetite are

ories _and -
Since potash _J

fe1dspar is comp]ete]y lacking, the rocks coqu be c]ass1f1gﬁ as

-'tronthem1tes They are probably equ1va1ent to tronthem1tes

reported from_the Troodos Complex, Cyprus (Nilson 1959) and s111c1c
rocks noted 6y Upadhyay (1978) from. Betts Cove, Newfound]and .
' xv) Diabases -

_*° Sheeted diabase dikes and brecciated dike racks have been

H

”recognjsed forming a zone between the gabbro and-.overlying pillow lavas.

.

‘ 'Thefmost regular and extensive development of the dikes is on Bjowame-down

Mountain, and dike breccias are also found underlying.apprOximately 65

© square ki]ometres of North Arm Mountain (Fig. I11b). Diabase dikes have

also been recognISed on the Lewis, H1115 a]though they are genera]]y s1ng]e

-and not sheeted (Willidmson, 1954). On the basis of ]1tho]ogy ‘and the T

+

extent of”brecciation the dikes of the Bay of Is}ands Comp]ex were

_corre]ated w1th s1m11ar rocks in the L1tt]e Port Comp]ex (W1111ams and
‘Malpas, 1972) Further studies (Chapter III) have shown th1s to e an
. un]wke]y corre]atwon and-the dlkes of the ophiolite su1te are treated

separetely here. T .. ;,' §

Brecc1ated d1abases are as abundant as p]anar d1kes 1n the

K L}

'oph1ol1tes, and occur more sq on North Arm Mounta1n The breccqas

[ .
o
B !
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cOnsiSt of angular diabase fragmentg of‘varyjng sizes, generally
close-packed in a matrix of more finely comminuted material bf the

same composition. fhe brecciafion appears generally resfricted to .
. the dike horizon in the ophio]ifes} the only other rocks being affected

is a small area of gabbros just north of Stowbridge Head on Nérth Arm
Mountain. Brecﬁiated djabase"dikes often cut fresﬁ-]ooking unbrecciated
gabbros and chilled margins are partially preserved (Plate LIIb). It'is
‘therefore apparent that brecciation took place after congo]idation, but
was restricted to the diabases.
The distributfdﬁ, petrology and significaﬁce of the diabases--

has been discuésed by Williams and Malpas (1972). On B]ow-me-dow:\\~\

Mountain, mafic dikes appear low down in the gabbro zone; for example

.in the region immedi ely south-west of Mad Dog Lake. They generally
increase in abundance upwards to eventually form a sheeted dike swarm.
The dikes feed pillow lavas highev’qn the pile and may d¢ut and extend

,/"\~z//j © well up into the volcanic sequence.

~,\_;\ Sheeted diabases and breccias occur on both ]ins of t

syncfine on B]ow-mé-down Mountain, although planar dikes are'much better
developed to. the east. Their attitude is essentfa]ly.at right aﬁé]es
_Ato Both the synclinal axis‘End.the trends of contacts of the major zoné;
‘within the .succession, i.e. ESE. On thg western iimﬁ of the syﬁc1ine
the'dike rocks are essentig]]yAbrecciated_and m§§t planar aspecfs‘are'
destroyed. The dike complex is apbro;imate]j 1.5 km wide on the east
1imb of the syncline and extends aboUt718 km perpendicular to the strike

of the dikes. Their dip is invariably steep to the northeast or southwest.
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On North Arm Mounfdin-few planar features®are.retained. Dike
- breccias are preserved on each limb of the major sync]ine, but the
western 1imb is much narrower than the eaftern. _What planar features
are present have an orientation s{milar to those on Blow-me-down |
Mountain, and these are best seen along the coast of North Arm near
Crabb Point (Plate LIIIa). Relationships sugge;t that the dike rocks
do not form a uniform]y thick continuous zone éitﬁer along or across
théir strike.

 Individual mafic dikes are comwon at the southwest extremi ty
of the Lewis Hi]]s mas§if where they cut rocks of the transitional zone
and over]xing gabbros. They appear to be hornblende bearing (K.ﬁ. Bérger,
pers. comm., 1974) and may répresent Tower levels of a sheeted éomp]ei
(Hil]iams.and Malpas, 19?2)[ -However, unlike the orientation of sheeted
dikes in the more norther]y plutons, the Lewis Hills éxamples trend
northeqst suggesting a rotation of this massif re]ative.tb the others.

Sheeted dikes are generally da;i green—érey massibé'rocks..

On §6me surfaces they weafher to a buff colour and a §ranular 'peppery'
appearance. Most are equigraﬁular put oth%rs are p]agfbc]ase porphyritic,
: .'especially in the central.boftions of wide.éheets. AThé dikes vary in
width from about 10 cms to sometimes a metre or-so, and can be'?raced for
some hundred metres a]bng éfriker Chilled margins are conspicuous from a
- few centimetres to ten ;enfimetres wide, with perpendicular jointing, and
exhibit a complete gradation from medium-grained portions to fine-grained
-aphanitic portions close to the cqntact. Although mosf dikes are fairly
constant in orientation, some late dikes cut across earlier ones at shallow

angles. These include felsic varieties.
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Massive dike rocks consist of equal amounts of altered

plagioclase and actg;o]ite or ura]ife afgs: clinopyroxene. The plagioclase
occurs as lath-shaped-crystals and ac?inq}ite as intersertal p1a§y or
prismatic crystals. Thus sub~oppitjc textures are preseryed. The °
actino]%te is yel]owish;green to ]ight-greeﬁ‘p1eochroic and rdrely
contains colourless cores 6f c]fnopyroxene. Epidote apd chlorite are .
abundant accessories and sphene and minor ion oxides (mainly ilmenite?)
and cross-cutting prehnite veins are common. Zo;site and zeolite facies”
| assemblages (5umpef]yite) have been reported (ﬁi]]iams and Malpas; 1972).
Porphyritic varieties of the diabases.contaiﬁ aggregates of |
altered equidimensional p}agioc1ase phenocrysts set 4; a fine to mediﬁm' .
.grajned matrix of plagioclase and actinolite. P]agioc]asg is the only 3
mineral to occu® as phenocrysts in the diabases (Plate LIlIb). Verjous‘
stages of alteration areignéédhtered, and in some rocks the pyroxénes
appear unaltered or only slightly ‘chloritised. On the other hand, there
may be no remnant pyro%ene, and actinolite may make up 451percent of some
rocks. \Plagioclase is always highly altered and some rocks contain as
much as 25 percent epidote. Such mineral assemblages are indicative of:
greenschist or low amphibolite facies metamorphism which in this case is -
considered a hydration process’ﬁather than a Fegiona] affect ;ccompanying
déformation. The metgporphism is probably related to the movemeﬁt of |
NWater, bossib]y sea-water, through the rocks (cf. Christensen and
. Salisbury, 1972; Aumento, 1972; Spooner and Fyfe, 1973).
v

F?agments in the dike breccias vary in size from a metre or so . -

down to 3 mm or less. The average size is apbroximate]y_z.s cms. Various
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degrees of roundnesi~of the fragments suggest abrasion, and the fragments

in any one outcrop may be m1xed so that porphyritic varieties occur with
non-porphyr1t1c aphanitic fragments suggesting a certain amount of transport.
~ However, original positions of chilled margins fd} example are preserved in
many cases, indicating that transport is only minimal. ‘

The localisation of the brecciation to the diabase zone of the T\\
ophiolite succession and its regional extent suégest that it is genetically
1inked to the develephent of the ophiolite suite and was "not deve]oped
after emplacement of the slices. Metambrphism of the diabase was'probably
synchronous with breccigtion since actinolite fragments are-often broken, .
although some alteration obviously postjdates the brecciation. The prehnite
oecurs as a result of retrogressive metamorphism and is, found as veinlets-
cutting all other minerals.. Textures are reminiscent of tuffisites .
developed in h1gh level 1ntru51ve bodies (Re{no1ds, 1954 Hughes, 1960, .1971)
and are thus tentatlvely 1nterpreted as fluidisatidn phenomena related to
the passage of water vapour. However, it is quite probable that at depths
that could be envisaged for the intrusion of the d1abasés, water would :
have been in a supercr1t1ca1 ‘state and that brecciation, and vesiculation
:Ain the pillow lavas, was a result of the passage of other gases such as

;
CO2 or liquid water.

xvi) Pillow Lavas

Volcanic rocks form the upper parts of the ophiolites of North
Arm Mounta1n and Blow-me-down Mountain and were or1g1na11y thought to be

part of the roof.assemblage 1nto_wh1ch gabbros and peridotites were



intruded (Smith, 1958; Church and Stevens, 1970). They are now
interpreted as an integral part of the ophiolite suite (Williams and
Malpas, 1972; Duke and Hutchinson, 1974)}. Pillow lavas and less
. abundant pillow breccias occur in the central axis of- the syncline of -
North Arm Mountain in } discontinuous band running NNE/SSW a]most the
total length of the massif (Fig. IIIb). Their thickest exposure reaches
approximately 25Q metres in the areaiimﬁediately south-east of Mt.

St. Gregory where they are overlein by sedimentary rocks. 5}]10w Tavas. -
‘from the stratigraphically highest parts ef Blow-me-down stretch south-
wards from an area between Blow-me-down Head and BIuff Head. Because

of the synclinal nature of boih massifs; the central zone of pillow

1a§a horizons is transected basally by the horizontal thrusts marking‘
the bottom of the slices. _

"Duke and Hutchinson (1974) have subdivided the pitlow lavas

and pillow breccias of the York Harbour area (Fig. Vd) jnto a lower
volcanic unit and an'u?per volcanic unit. M%nera1isation occurs- in
brecciated and altered volcanic rocks as mass{Qe sulphide lenses in the
upper porfion pf the Jower volcanic unit. Similar mineralisation occurs
at the dike;pi]1ow lava junction on Mt. St. Gregory, and it has Been '
pointed out by Upadhyay and Strong (1973) that su]phrde depos1ts of

most oph1011te suites are concentrated at th1s strat1graph1c pos1t1on

' The ba51s for subdivision is the degree of alteration of the
p?11ow-un1ts. The 1ower unit consists of light grey to green f1ne-grained‘
basalts centaining disseminated pyrite (g-3%). In the:1ower part, dikes
are common with numerous pillow lava sereens. Such intrusive relationships

are well-preserved in road cuts on the.York Harbour road at Bluff Head, and

~



™

Figure Vd: Geology of volcanic rocks around York Ha;‘.bour,
Bay of Islands (after Duke and Hutchinson, 1974).
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are reminiscent of the Basal Group of the Troodos'CompTex, Cyprus
(Wilson, 19599). Chlorite is a common alteration product and is visible
on local shear surfaces and forms a dehse chlorite rogk in the immediate
viciniQ{ of the mineralised zone. Breccias occur sporadically with
zeolites anh epidote fi]]ing'fractures, together with sulphides 61oser
to the ore bodies. |

The .upper zone vo1§anics are darker olive to black aphanites
.j - with a preponderance of magnetite. Dike rocks are scattered and the
lavas are generally more vesicu]ar.'

Bqth grbups are pillowed with.pi]]ows ranging from 15 cms‘to
1 metre 1n!ztameter. Radial and concentric jointing and selvedges are
well presefved and tops are determinable in many outcrops. Vesicles
are common, especially in the upper zone lavas (Plate LIVa) and are
generally filled with calcite and epidote (P1ate Lbe). They afe always
_small (1-2 mm in dismeter) but may indicate tops by preferential
elongation; InterpiI]ow’hyaloclastites formed by spalling o} glassy
selvedges are found rarely-and many pillows are surrounded by a chloritic
shale. 'Jasperous cheff has been noted between some bi}]ows but is not
. common. -

A distinction: between ubpgr and lower unif volcanics has not been

made on North Arm Mountain.
‘f# ~In thin sectidhiztextures of the 1ower_pillo§ lavas from Blow-me-down
Mountain, and ﬁ%ﬁiow_lavas from North Arm Mountain range from intersertal
to hya]ophifié. Normally zoned plagioclase laths are albjigf‘in coﬁdositjon

(optical determination) and labradorite/andesine phenocrysts have not been
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recorded by the writ;r although reported by Duke and Hufcﬁ1nson (1974) .
. Alteration of the plagioclase to chlorite and epidptg is common and
“widespread: Clinopyroxene is partially a]tered-fo'actino]ite‘and chlorite,
- ta]though in some cases appea;s'fresh. Ophitic textures are common. |
‘Rare pigeonite phenocrysts are present paftiéu]ér]y in the lower parts
of the volcanic pile. Ch]orite,'palagonite and oxide dust form the
matrix and by its 'association with sphene, the oxide is most probably
ilmenite.. Am}gdu]es are filled with epidote and possibly clinochlore.
The upper 1ava; on Blow-me-down Mountain may often show
trachytic textures. ~ Subparallel ]athszanﬁ microlites df,a]ﬁite are in
* subophitic intergrowth with clinopyroxene and rarely bhenoéfystsAof
nbrma]]y'zongd plagioclase are also present (Piéie‘LV@}. Chlorite
pseudomorphs after possible olivine have been recognised (Plate LVb}.
Pyroxeﬁe is generally unaltered, or ohly marQina]Iy a?%er;d to chlorite.
The matrix dbhsiéts of chlorite, calcite,fépiggte'and ilmenite.
Euhedral magnetite octahedra are widespread. and are considgréd a primary’
crystallisation product rather than a result of a]teratjon.

-

* xvii) Sediments

ﬁﬁrp]e to red-brown sandstones,.gréy to green and red shale and
siltstone and rare pebb]e.cong]omerate§ overlie thg pillow lavas between
Buck Head and Crabb Point on Nbrth Arm (Fig. IIIb). . Green laminated =
siltstones and ribbon cherts and intraformational breccias are'iﬂferbedded'
with pillow lavas in the Gregory River area. A maximum thicknesé of

approximately 200 metrés qf sediment is estimated in the synclinal axis

“on North Arm. )
' ) . ‘-.~' ‘5

) ‘ .
N F ~
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The sediments are interpreted as overlying the volcanics
because | , T ; : - ,
a) the contact between the sediments and volcanics is of 7
variable relief and does not resemble a duﬁhorizont&i thrust surface,
b) high g;avity anoma]igs suggest that basic rocks exist‘
beneath tﬁe sediments (Weaver, 1967), and
| ¢) the position of the'sediments"éurrqpnded by volcanic
rocks suggests that they lie in the aiia1 zone of a syncline above
the vo]can1cs and thus. form the highest_ strat1graph1ca1 unit of the

succession (N1111ams, 1973).

The sediments are generally well sorted and well bedded. . Tops -

.are determ1nab1e from minor ripple drift 1am1nat1on in the sandy s11ts

~sediments 1itho1ogica11y distinct from the sandstones underlying the

and 1oad structures in the s11tstones Un1ts exhibiting graded-bedding
are not untommon and are of the order of 3 to 4 metres thick. Coarser” '
sands are dom1nant]y quartzo feldspath1c although lacking potash- fe]dspar, |
and conpa1q/numenqus basic volcanic fragments. The lack-of potash-fe]dspgr:

and the presence of the basic volcanic fragments makes these coarser

thrust slices. 1 v T : .

The sediment Tithologies do not.resemble-closely any sedimentary.

-associations_fouﬁd presently on oceanic abyssal plains or in trouﬁhs

associated with oceanic ridges Contempdraneous sedimentation in the

- ocean basins is genera]]y of calcareous (cocco11thophor1a] or foram1n1fera])

muds partially’ s111c1f1ed ;Lrb1d1tes and deep sea muds. ) Likewise, a]though-'

manganese-r1ch sediments are known to be associated w1th other ophioTite
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AN

suites (Upadhyay and Strong, 1973) ;Ld are recorded from the. ocean-floor T
(Bonatti, gj~gl;, 1972; Scott, et al., 1976 ) no manganiferous |
sedimenfs have been found associated with the Bay of Islandé ophiolites.
The présence of detritq] quartz and plagioclase fe]dgpars in some |
coarser unifs suggests a re1ative1y proximal source of possibly. -\,
granodioritic or granitic nature for fhe sediments. Possibly tﬁéir
.depdsition took place in a marginal basin, or at least close to an
island-arc terrane or continental marginf It js unlikely that, if the
sediments are to .be considered as directly associated with the formation
‘of the ophiolites, and not as. a much later superposition, the ophiolites
_ could have formed at a- simple spreading centre in the middle gk;a large

ocean basin,



CHAPTER VI

CHEMISTRY AND PETROGENESIS

N

A. Mineral Chemistry.

Chemical analyses have been obtained for a number of minerals
of the Bay of Islands Complex by electron microprobe analyses. Details’

of analytical methods are given in Appeﬁdix I1I.

i) Olivine : T

Chemical analyses of olivines from Therzolites, harzburgites,
dunites and gabbroic rocks Ere given in Table If. Fo contents (mole
percent) vary from 75.1 to 90 8 in the cumulate rocks, with the lower

o>
va]ué§~(epresentat1ve of the gabbros above dunites. Olivines from

the\]herzo]ites V12 and V13 ‘contents of 89.4 and 89.7 respectively.
The average Fo content of ;]ivines from the héréﬁurgites is slightly

higher (91.1) and the range is very small (9&.5-91.6). A number of these
analyses have been supplemented by determination of 6livine compos{tion

by X-ray methods using the determinative curve based on the olivine (130)
spacihg»(Yoder and Sahama, 1957); This X-ray method has an accuracj of

+ 3.5 md]e percent in the range of values measured, but noticeably all

values determined by X-ray mg}hods are lower than chemical analyses of the
'cumuléte roc(s, and higher in the case of tectonites. The effect of varying
ambuﬁis of trace elements on fhe X-ray determinafive curve is.not known. The
dunific olivines appear.to contain more manganese and nickel, and in some
cases mprglchromidm-than those from the harzburgites. As Jackson (1960,

p. 433) points out, 1f is advisable to use X-ray determinatfve curves

only for olfvines with similar trace element contents as those used to

calibrate the curves. The electron microprobe analyses of olivines .show
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Table IX: Olivines from Bay of Islands Complex

- Mn

- Mg0 48,

50.501

Lherzolités . Harzburgites

- Y12 V13 181.A 181 B 182 184

5i0, 39.95  41.05  37.92  40.53  37.89  42.40

A1,0, 0.00 0.02, . 0.00 0.00 0.02 0.00
Ti0, 0.00 0,00 0.02 0.02 0.0]1 0.00

Crp0, 0.00 0.00 0.00 0.00 0.00 0.00

FeO 10.10 . 10.08 8.54 8.41 8.49 8.55

MnO 0.00  ~ 0.00 0.00  0.00 0.00 0.00

MgO- 47.62  49.26 51,22 50.54  50.32  48.09
" Ca0 0.00 0.02 0.08 0.06 0.05 0.06

Na,0 0.02 0.00 0.04 0.04- 0.04_ 0.00

K0 0.00 0.01 0.00 0.00 0.00 0.00

NiO 0.00 0.00 0.39 0.39 0.41 0.45

-3 ST

Fo Analy: 894+  89.7 91.6 91.6 91.4 91.0

Xray: : '
s 0.998 1.0  0.949  0.989  0.957  1.034
Ti 0.000  “0.000  0.000  0.000  0.000  0.000
AT 0.000 © 0.001  0.000  0.000  0.001 0.000
Cr 0.000 0.000 0.000  0.%00 0.000 0.000
Fe, 0.000  0.000  0.000  0.000  0.000  0.000
Fe, 0.213  0.206  0.179  0.172  0.179  0.174
0.000  0.000  0.000 ~0.000  0.000 0,000
Mg 1.791  1.791 1.911 1,839 1.895 1.748
Ca 0.000  0.001 ° 0.002  0.002  0.001 - 0.002
Na 0.001 0.000  0.002  0.002  0.002  0.000
K 0.000  0.000  0.000  0.000  0.000  0.000
N 0.000  0.000  0.008  0.008  0.008  0.009
510, 40.756  40.815  41.128 . 41.131  41.112  41.038
Fe0 10.367  10.054 = 8.38%  8.369  8.469  8.863
877  49.131  50.488 50.419  50.099
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TABLE IX (Continued)
~<>

Harzburgites
Y857 186 . 187 188 189 190 A
$i0, 40.88  40.39  40.51  40.96  40.30  40.53
A1,0, 0.00 0.00 0.00 0.00  0.00 0.00
TiO, 0.00  0.00 0.00 0.00 0.00 0.00
Cr,0, 0.00 0.00 0.00 . 0.00, 0.00 0.00
FeO 9.34 9.47 g.42 9.05 9.44 8.72
MnO 0.00 0.00 0.00 0.00 0.00 0.00
Mg0 49.86  49.67  49.88  51.00  49.73  50.30
ta0 0.02 0.04 0.03 0.00 0.0 0.03
Na,0 0.00 0.00 0.02 0.00 0.00 0.00
Ka,0 0.00 0.00 0.00 0.00 0.00 0.00
NiO 0.33 0.32 0.37 0.37 0.38 0.32
Fo Analy: 91.0°  90.5 90.5 91.0 90.8 91.2
Xray: 93.5 93.1 92.9
S 0.996  0.99 0.990  0.988  0.989  0.99]
Ti 0.000  0.000  0.000  0.000  0.000  0.000
Al 0.000  0.000 * 0.000  0.000  0.000  0.000
Cr 0.000°  0.000  0.000  0.000  0.000  0.000
Fey 0.000  -0.000  0.000  0.000  0.000  0.000
Fe,, 0.190  0.194  0.193  0.183  0.194  0.178
Mn 0.000  0.000  0.000 ~ 0.000  0.000 _ 0.000
Mg 1.821 . 1.816  1.818  1.834  1.819  +1.833
Ca 0.001  0.001  0.001  0.000-  0.001  0.001
Na 0.000  0.000  0.001. 0.000  0.000  0.000
K 0,000  0.000 0.000  0.000  0.000  0.000
N " 0.006 . 0.006  0.007  0.007  0.008  0.006
si0, 40.959. 40.932  40.947  41.039  40.939, - 41.072
Fe0 9.287  9.431 9.349  .8.854  9.390  8.681

Mg0 = 49.754  49.637 49.704 50.104 . 49.671 50.247
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Harzburgites Dunite

190 B 192 A 192 B 193 E2A ' E2B
510, 140.32 38.87™  39.65 40.25 ° 40.17
A0, 0.00 0.01 0.01 0.06 0.05
Ti0, 0.00 0.00 0.00 0.00 0.00
Cr,0, 0.00 0.00 0.00 0.08 0.05
Fe0 .  8.83 8.63 8.66 Mo probe 9.74 9.66
MnO 0.00 0.00 ,0.00 0.12 0.16
. Mgo ~ 50.18 50. 90 50.44 4945 49.40
Ca0 0.03 0.05 0.06 0.12 ° 0.02
Na,0 0.00 0.00 - .0.00 " 0.00 0.00
K,0 0.00 0.00 0.00° 0.00 0.00
NiO 0.34 0.00 - 0.36 0.44 0.41
Fo  Analy: 91.1 0.4 9.3 - 89.5 89.6
Xray: - ) . 93.0 v
Si £0.989 0.966  '0.978 0.987 - 0.988
T4 0.000 0.000 0.000 0.000 . 0.000
AV 0.000 0.000 0.000 0.002 0.001
cr .0.000 0.000° . 0.000 . 0.002  0.001
Feq 0.000 0.000 0.000 . © 0.000 0.000
Fe, 0.181 0.180 0.179 .0. 200 0.199
Mn 0.000 0.000 0.000 No probe 0.002 0.003
Mg 1.834  1.887  1.855 1.807  1.810
Ca 0.001 0.001 0.002 0.003 0.001"
Na 0.000 0.000 0.000 0.000 0.000
K : 0.000.  0.000 0.000 ~0.000 0.000
Ni 0.007 0.000 0.007 ~0.009 0.008
$i0, 41.051  41.099  41.087 40.864  40.868
Fe0 8.794  8.530 8.604 9,793 9.771

Mg0 50.155  50.362  50.309 49.343 ¥ 49.361
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Dunites, Critical Zone, Gabbros

321A 3218 321C 321D 321E. 321F

b

510, 39.91 3956 39.65  39.79  39.67  39.20
A1,0, 0.04 0.06 -~ 0.04 0.02 .07 0.03
Ti0, 0.00 0.00 0.00 0.00 : +0.00
Cr 0, 0.02 0.04 0.10 0.10 0.16 0.1
Fe0 9.52 9.67 9.44 9.59 9.53 9.51
MnO ©0.14. - 0.12 0.15 . 0.16 0.14 0.12
Mg0 50.63  50.29  50.08  50.21 50.75  50.52
Ca0 - 0.02 0.02 0.00 0.00 0.01 = 0.00
Na,0 -7 . 0:00 0.00 0.00 0.00 0.00 0.00
K,0 0.00 0.00 0.00 0.00 0.00 _ 0.00
NiQ //0:44 0.44 0.43 0.45 ° 0.43 0.00
;o |
Fo Analy: 89.9 -  89.6  89.4 89,2 89.7.  89.4
- Xray: N : :
si 0.974  0.972  0.976 ° 0.976  0.969  0.968
Ti - 0.000  0.000  0.000  0.000 -0.000  0.000
Al ~0.001 0.002  0.001 0.001 0.002°  0.001
Cr 0.000 - 0.001 0.002 - 0.002  0.003  0.002
Fey | 0.000  0.000  0.000  0.000  0.000  0.000
Fe, 0.194  0.199  0.194  0.197  0.195  0.196
Mo/ 0.003  0.002  0.003  0.003  0.003  0.003
Mg 1.842  1.842  1.837  1.836  1.848  1.860
Ca . 0.001  0.001 0.000  0.000  0.000  0.000
. Na ~0.000  0.000  0.000  0.000  0.000  0.000
K ~0.000  0.000  0.000  0.000 0.000  0.000
Ni . 0.009°  0.009  0.009  0.009  0.008  0.000
si0, 40.932  40.901  40.926  40.905  40.934  40.926
Fed 9.429  9.593  9.459 . 9,572 9.419  9.459

Ug0 49.639 49.505 49,615 49,523 49.647 49.615
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TABLE IX (Continued)

Dunites, Critical Zone, Gabbros

409

194 195 A 195 B 196 198 276 A’
' si0, 40.36  41.34  40.99  40.44  38.03  41.47
Al03 7 0.00 .- 0.02  0.02 0.01 0.00 .0.00
Ti0, 0.01 0.00 0.00 0.00 0.0 0.02
fro0q 0.00 - 0.00 0.00 . 0.00 0.00 ' 0.00
Fe0 10.36 9.77 9.81 12.1 17.85  8.31
MnQ 0.00 ‘.00  0.00  0.00 0.00° - 0.19
MgO 49.81 49.23 49,9 48.48 43.13  49.81
Ca0 0.23 0.26 0.25 0.26 0.08 0.01
Na,,0 0.00  0.00 0.40 0.27 0.00 0.00
KO T 0.00 0.00 0.00  -0.00 0.00 0.00
N10 0.00 - 0.00 10.00 0.34 0.00° 0.5
Fo Analy: 89.1 89.5 89.7 87.5 8.1 91.3

Xray: 86.9° 86.1

"Si 0.985  1.005  0.994 . 0.98  0.979 - 1.007
T4 " 0.000  0.000  0.000  0.000  0.000  0.000
Al 0.000  0.001 0.001 0.000  0.000  0.000
Cr 0.000 " 0.000  0.000  0.000  0.000,  0.000
Fey 0.000  0.000  0.000  0.000 ~  0.000  0.000
Fe, 0.211  0.199  0.199 = 0.247 - 0.384  0.169
Mooy 0.000  0.000 » 0.000  0.000  0.000_. 0.004

- Mg 1.812 1.784  1.805  1.761  1.655  1.803
Ca . 0.000  0.007  0.006- 0.007  0.002  0.00 -
Na 0.000  0.000  0.000.  0.013.  .0.000  0.000
K 0.000  0.000  0.000  0.000 ~ 0.000  0.000
N ' 0.000  0.000  0.000  0.007  0.000  0.010-
510, 40.788 - 40.864  40.879 -40.476  38.374  41.097
FeO " 10.195 - 9.793 © 9.712  11.861  17.747  8.548

 Mg0  49.016  49.344 49, 47.663  42.880  50.355
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TABLE IX (antinued)
Dunites, Critical Zone, Gabbros

944 49,589

276 B 274 A 274B 272 A 282
si0,, 40.36  41.28 - 41.08  40.13  40.17
A0, 0.00 0.02 0.0 0.03 0.14
Ti0, 0.00 0.02 0.03 0.00 0.01"
Cr0, 000  0.00  0.00 0.00 0.00
Fe0 - 8.49 - 871  8.76 9447  21.01
MnO 0.17 0.17 0.20 0.0 0.41
"Mgo 50.73  48.63 49.23 49.20 37.7
Ca0 - 0.02. - 0.00 0.0 0.03  0.04
Na,0 0.00 0.00 0.00 0200 0.00
K0 . .. 0.00.  0.00 0.00 0.00 0.00
NiO . 0.47 0.43 - " 0.39 0.52 0.30
Fo Analy: 91.3 90.7 9.8  ,90.3 75.1

: Xray: : : .

. AN | .

'Si 10.985  1.014  1.005,  0.991 1.032 -
i, 0.000 . 0.000  0.00 . 0.000  0.000
Al 10.000  0.001  0.000  0.000  0.004
cr - 0.000  0.000  0.000  0.000  0.000
Fe; .~ 0.000  0.000  0.000 -0.000  0.000
Fe, 0.173 © 0,79  0.179  0.19%  0.471
Mn .~ 0.004  0.004  0.004  0.000  0.009
Mg 1.844  1.780 - 1.796  1.81 1.443
Ca 0.001  0.000  0.000  0.001 0.001
Na 0.000  0.000  0.000  0.000  0.000
K . 0.000  0.000 0.000 0.000 0.000
Ni. 0.009  0.008  0.003  0.010  0.006
510, 41.09  40.998  41.002 = 40.920  38.419
Fed 8.555  9.076  9.054  9.491  22.838
Mgo 50.350  49.926 49, 38742
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them to be chemically homogéneous; there are no signjficant differences
from grain to grain within any one sample and no zoning within
individual grains. ,

A nﬁmber of workers (e.g. Jackson, 1967; Smith, 1962) have
suggested that olivines of alpine-type intrusions are generally more
magnesian than thoge.froh 1ay§red intrusions . ~-Challis (1965) has pointed
out that data on 611viné compositions do not really allow conclusions to

-

be drawh on the origin of ultramafic rocks, The suggestion by Green

_(1964) that F°89 marks the upper limit of compositions derived from a

basaltic magma seems unfounded. However, if the rock types from the
o
Bay of Islands Complex are classified on the basis of texture as cumulate

a

or tectonite, then a s1ight difference in Fo ‘content of fhe olivines is
noted, the tectonite olivines being generally more magnesian, although
there is an overlap in-compositions (Table XI). Irvine and Findlay (1972)

report olivine compositions for the Table Mountain and North Arm Mountain

'pluﬁons, but have not analysed feldspar-free dunites. Nevertheless a

distinct break in olivine compositions i; noteable between the tectonites '
and cqmd]ates; It appears that the Fo values in the tectonites (”peridotites}
of Irvine and Findlay) are relatively consfanf, whereas in thg‘dunites and
gabbros the vé]ues rangé between 90.0 and 83.4. ThevCrZO3 content of the
dunitic olivines is re]ative1y high {(up to 0.16% wt) possibly indiéating
relatively Tow foz‘during crystallisation. Such conditions might‘be

expected to result in exsolution of Ni metal in thg olfvines, but in

-sections examined at this stage none-has been identified.

~N B . R _ - ' . . ‘/—?
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ii) Orthopyroxénes

Analyses of 21 orthppyroxenes from harzburgites, }herzo]ites
and dunites are;given in Table X. Calcﬁ]ation of the structural
formulae gives a deficiency of tetrahedré]]y coordinated ions in
three of these pyroxenes, Partial serpentinisation, visible in thin'
~ section, could account for this deficiéncy, although it is noted that
Hess and Phillips (1938) reported a'deficiency in silica in enstatites
from olivine-bearing roéks, andiéhis has beeﬁ substantiaﬁed by Boyd and
England (1960), . ‘

The orthopyroxenes aﬁalysed are all enstatites with\En values
between 88.5 and Qé.l and no marked’difference in En value occursibetween
harzburgitic, Thgrzo]itic and dunitic pyioxenes. This is typjca] of the
coﬁpositiona] range of orthopyroxenes from a]pine'peridotites (Ross, g&_gl;,
19545 Green, 1964; Page, 1967; Himmelberg andvcdleman, 1968). Although
Hess (1§60)'indicated that the Ca2+'cohtent of‘orthopiroxenes was
representativé of the magma type from which the pyroxene had cr}sta]]ised,
further evidence (Jackson, ]961; Rothstein, 1958; Chall{s, 19?5) seems to
aispute this. The work of Atlas (1952);'hohever, suggests>th;f Ca2+
content may be dependent on crystallisation or equilibration temperature.
Atlas founq_that in the synthetic systemkMgSiO3-CaMg$iZOG, the maximum

number of ca®* atoms accepted into the enstatite was 0.115 at 1,10006;
.0.050 at 1000°C; and 0.03q at 700°C (calculated on the basis of 6 oxygens).
Va]ués'for many of theApyrdxenes analysed here exceedéé;OSO (maximum 0.072

in 187A) possibly suggesting equilibration temperatures in excess of 1000°C."

If this is the case then i) other pyroxenes in these rocks have not accepted
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. Table X: Orthopyroxenes from Bay of Islands Complex

Lherzolite b Harzburgite

vi2a VI3A vi3g  vic 82 183A 1838 -
530, _&55.20 56.76 - 56.60 55.32°  56.24 57.83  56.37 .,
Ti0, 0.06 10.00 0.00 0.00 0.02 0.03" 0.04
A1,0, 4.21 5.38 4.83 5.65 3.02 1.76 2.00
cr 0 0.38 0.64 " 0.74 0.74. 0.63 0.60 0.65
Fe0 7.01 6.26 6.40 6.22 5.77 5.30 5.59
MnO 0.00 0.00 0,00  -0.00 ,0.00 0.00 0.00
Mg0 _ 32.38 31.38 32.03 30.82  32.76 32.29 32.13
Ca0 0.58 1.41 0.52 1.21 1.29 1.08 1.72
Ma,0 > 0.05 0.06 0.07 0.08 0.03 0.00  “0.00
K,0 0.00 0.00 « 0.0 0.00 0.00 0.00 0.00
NiQ 0.00 0.00 0.00 0.00 0.17 0.19 0.1
Ca -~ 1.13- - 2.82 1.04 2.47 251  2.15 3.38
Mg  87.62 87.39  88.98  87.61 88.74 89.61 88.04
Fe C M.25 0 9.78 9.98 '9.92 .8.75 . 8.24 3.58

— - -

Si 1.921 1..920 1.926 1.907 1.942  2.000  1.983
A4 0.079  0.080  0.094  0.093- 0.058  0.000 . 0.0M7
Al 0.091 0.135  0.120 8.137 0.065 0.074 - 0.064
Ti 0.002 0.000 0.000  0.000  0.001 .0.001 0:001
Cr 0.010  0.017 ~ 0.020  0.020  0.027 \0.016  0.018
Fe3 0.000  0.000  0.000° 0.000  0.000°° §.000 - 0.000
Fel 0.212  0.177 0.182 . 0.179  0.167 °  0.T53%_ 0:162
Mg 1.650  1.582 1.624 1.584°  -1.686 1.666  1.655
Mn 0.000  0.000 - 0.000  0.000  0.000 .0.000  0.000
N 0.000  -0.000  0.000  0.000  0.003  *0.003 0.003
Ca 0.021 0.051 0.019 . 0.045 0.048 0.040  0.064
Na' 0.003  0.004 0.005 0.005  0.002-  0.000  0.000
K 0.000 0 0 © 0.000 0.000 0

.000 0.000 .000

Ens. 88.62  89.02 89.92 89.83 91.02 91.58 -90.19
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Table X {Continued)

T

91.73

00

93

.037 -

Harzburgite
320 184 185 186 187A 1878 188A
$i0, 54.59 . '57.23  55.59 - 53.56  55.52  56.75  57.13
Tio, 0.00 0.00 0.02 0.00 0.00 ° 0.00.  0.02
A1,0, 2.71 2.75  2.58 2.06  2.07 1.98 .68
Cry0, _  0.74 0.66  0.79 . 0.64 0.63 0.60 0.61
Fe0 "~ 6.10 5.03 6.08 5.95 . 5.99 6.00 5.39
MnO \>\\\\ 0.16 . 0.00 0.00 0.00 0.00 0.00 0.00
Mg0 34.02  31.25  31.67  34.11  34.07  33.74 33,
a0~ - 0.93 - 1.28 0.94 ~ 1.13 1.93 0.94 1.01
 Ma,0 0.00 0.00 0.0 0.00 0.00 0.00 0.00
K0 0.00 0.00 6.00 0.00 0:00 0.00 0.
NiO 0.10 0.13 0.04 0.00 0.06 0.07  0.05
Ca ’ 1.75 2.62 .89 2.12 3.57 ° C1.79 1.95
Mg 89.07  89.33  88.58  89.15 . 87.78  B89.31 89,
Fe 9.19 8.05  9.54 8.73 8.65 8.90 8.12
si 1.906 © 1.992  1.962  -1.907  1.922  1.95  1.975
art 0.094  0.008  0.038  0.086  0.078  0.044 - 0.025
Al 0.017  0.105.  0.069- 0.000  0.006  0.036  0.044
0.000- 0,000  0.00} 0.000  0.000  °0.000  0.00T
Cr 0.020  0.018  0.022  0.018 0.017 .0.016  0.017
T red 0.000.  0.000  0.000  0.000  0.000 ~ 0.000  0.000
Fe? 0.178 . . 0.146  0.179 0177  0.173  0.173  0.15
Mg 1.770 4621 1.666  1.810  1.758  1.733  1.726
Mn 1 0.005  0.000  0.000  0.000 0,000  0.000  0.000
Ni 0.003-  0.004  0.001 .0.000  0.002 = 0.002-  0.00]
Ca 0.035  0.048  0.036  0.043 - 0.072 - 0.035 0
Na 0.000  0.000  0.000  0.000  0.000 _ 0.000  0.000
K 0.000  0.000  0.000  0.000  0.000.  0.000  0.000
Ens. 90.65 90.26  91.08  91.03  90.94  91.72

48 .
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Table X (Continued)

| Dunite

9.

- 90.90

91.72

Harzburgite
1888 189 2726 2728 272¢C 276A " 2768
. s .

510, 57.26 56.15  54.29 53.27 56.75 57.27 57.76
. Tio0, 0.02 0.00 0.02 0.03 0.04 0.00 0.00
A1,0, 1.66 1.32 1.67 1.37 1.77 1.27 1.31
Cr,0, 0.53 0.35 . 0.6 0.68 0.88 0.51 0.37
Fe0 5.78 6.00 6.25 7.84 6.23 5.54 .27
MnO 0.00 - 0.00 0.17  0.34 0.17 0.06 0.10
Mg0 '34.55 - 34.37. _ 35.96 = 35.45 33.21 34.79 35.07
Cal 1.62 1.1 1.43 0.60  1.46 0.82 0.67
Ma,0 0.00 0.00 0.00 0.00 - 0.00 0.00 0.00
K0 ~ 0.00 0.00 «  0.00 0.00 0.00 0.00 0.00
NiO 0.0} 0.03  0.14 0.09 0.14 0.05 - 0.06

' | ; | e
Ca 2.99 2.07 2.53 . 1.06 2.77 1.53 1.25
Mg 88.69 89.20 88.61 87.60 87.76 90.32 90.94
Fe 8.32 8.73 8.86 11.33 9.47 8.15 7.81
Si 1.950 1.952 1.884. - 1.879 1.954  1.965 1.971
4 0.050 0.048 0.068 0.054 0-046 0.035 0.029
Al 0.017 0.008 - 0.000 /,o.ooo ©0.026 0.017 . 0.024
Ti 0.001 - 0.000 0,001 0.001°  0.001 0.000 0.000
Cr 0.014 .010 0.017 0.019 0.024 0.014 0.010
Fe3 0.000 0.000 0.000-  0.000  0.000 0.000 0.000
Fe? 0.165 0.174  0.18 0.231 0.179 0.159 0.150
Mg 1.754  1.784 1.860  1.864  1.704  1.779 1.784
Mn 0.000 0.000 0.005 0.010 0.005  ~0.002 0.003
Ni - 0.000 0.001 0.004 0.003 0.004 0.001.  0.002
Ca 0.059 0.041. 0.053  0.023 0.054 0.030 0.025
Na 0.000  0.000.  0.000 0.000 0.000 0.000 0.000
X ~0.000 ~  0.000 0.000 - 0.000;  0.000 0.000 0.000
Ens. 97.42 09 88.54 90.26 92.09
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" calcium content of the orthopyroxenes. Possibly the irregularity of calcium

. with the
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as much calcium into thgir sfructdre és theoretically possible or ii).if
it was there, it has subséquent]y been removed. Thé exsolution lamellae

of'c1inopyrbxene in some enstatites §uppo}t the latter conclusion. Micro-
probe analysis has not accounted for these 1aﬁe11ae nor the drigiha]
content distrib&%;;_}n the orthopyroxene is a resu]} of inclusion of 'l

clinopyroxene lamellae in some data points-although this was avoided as

" far as is known.

_Boyd and Eng]and (1960) have noted that, with the exception of

some values from nodu]es, A]z 3 conten{s of orthopyroxenes from ultramafic

| rocks are genera]]y Tow. They showed‘tﬁat the A1203 content is dependent

<
upon pressure, but it 1s clear that the ava11ab111ty of aluminium is a]so

a limiting ‘,\\for example, Green (1964) reports that orthopyroxene

ighest Al,0, (6-7%) in the Lizard peridotite coexists with
aluminous~diopside and spinel. The aluminium content of the Therzolite
spinels is clearly higher, and those of the dunites much lower than the

contents of'harzburgite spinels in the Béy'of Islands Complex. However,'

-since no aluminous phase is present in the harzburgites it cannot be.

determined how greaf a 1imiting‘factor pressure variation between these
rock types was. Howeder, the dun1te is c1ear1y a lower pressure crystal-

lTisation product than the basal’ 1herzo11tes and a]um1n1um was apparent]y
—
available for the .joint crystallisation of fe]dspar in some rocks.

. B 4 -
-
v

iii) Cation d1str1but1on between co-ex1st1ng olivine
and orfﬁogyroxene

There is sbme doubt'ofﬁﬁﬁ validity of using M92 and Fe2-

part1t1on coefficients between coex1st1ng olivines and orthopyroxenes as
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TABLE XI

» {F' contents of olivines.and En.contents of
orthopyroxenes from the Bay of Islands Complex

Stratigraphic , 4 . )
Position -~ Sample % Rock Type and Texture Fo En
" ToP 282 Olivine gébﬁ;pc/gﬂmulate 75.1
198 ‘ " " 81.1
196 " Dunite ' 87.5
195 Dunite pyroxenite, " 89.6
321 Dunite B 89.5
194 " | w 89.1
272 Dunite + opx . "~ 90.3
274 Dunite ‘+ cpx " 90.7
276. Dunite + cpx + opx- 7 91.3
E2 Dunite + chromite, cumulate 89.5
193. HanbUrgite, tegtonfte 93(X-ray) --
192 v Ce 91.4° -
190 " " 91.2 --
‘ 189 . " " 90.8  91.1
188 " -~ T 91.0  91.5
187 " ) " 90.5  90.4
186 o v ' e 90.5 911
185 "o " 91.0 90.3
184 . " 91,0 91.7
183 " " - 90.6
182 " " 9.4 91.0
SRR -1 " " 91.6 -~
. V13 Lherzolite tectonite- 89.4  89.7
BOTTOM iz e " " 89.7  88.6
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indicators of temperature of equilibration {e.g. Wilshire and Jackson,
~1975). However, partition coefficients.are indicators of the degree of
eqdi]ibrium reached between: coexisting phases. 0'Hara (1963) suggested
~a correlation between the nature of the igneous body in which the
pyroxenes and o]1v1nes occurred and thezr Mgz and Fe2+ distrioution
Pairs from large layered 1ntrus1ons and nodules have a ratio near 1:1.
Pairs from small layered 1ntrus1on§ (e.g. Rhum gabbrc) have En:Fo
considerably lower, and pairs from lavas even lower. The departure from
the exper1menta]1y determ1ned ratio for the smaller bod1es and lavas is
1nterpreted as a failure to :Sach equ111br1um because of rap1d cool1ng ‘
The experimentally determ1ned and natur\11y occurr1ng relationships
reported in the literature are diverse. This is because,these part1t1on
qoeff{cients depend on a number of factors; ofnwhich the most important are:
1) temperature
2) FO2
3) cation site distribution
Speidel and Osborn (1967) have discussed the effects of temperatore and
oxygen ngaciFy on equilibrium compositions in tne'system MgO-FeO-Fe203~5102.
The fp]]owingeooints are noteworthy: '
1) A decréase in Mg:Fe ratio in both pyroxenes and olivines takes
p]ace as temperature and oxygen fugacity decrease concom1tantly
. ﬁiﬁg) 0]1v1ne, in equ111br1um with pyroxene, magnetite and liquid
is always more Fe rich than coexisting pyroxene (a similar trend was found
by 'Bowen and Scha1rer 1935).
. . 3) 011v1ne shows the widest var1at1on of Fe- content of all the

crystalline phases in the syotem.
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4) At low temperatures the Fe-content of.olivine increases
rapid]y with decreasing temperature;j In the temperature intervé] 1165°C
to 1144°C, the Fe0 content increases by more than 25 wt.%, at a fixed fOZ.

Iﬁg“gﬁfgqt of cation site distribatipn is discussed by Grover
and Orville (1969)\;ﬁb«gonstructed a number of'paﬁtitiop curves based on
data from Bartholeme (1560),,Ernst (1960), Mueller (1963), 0'Hara (1963)
and Ramberg and Devore (1951).

The curves of -Grover and Ofville (1969), Medaris (19695 and
Nafziger and Muan tf967) are reproduced in figure VIa. The paired analyses
from the Bay of Islands Complex are plotted on this figure, ahd none seem

to be in disequilibrium.

" iv) Clinopyroxenes

Ana]&ses of twenty-niné clinopyroxenes from lherzolites,

—

harzburgites and cumulate rocks are presented in Table XII. In the harz-
burgites the clinopyroxene occurs as smail interstitial cr;;tals and is
relatively rare. 1In the lherzoﬁites the clinopyroxenes‘are tekturé]]y.
identical but are more common. In both cases, the clinOpy}oxene is clearly
not a.;umulate phaée. On the o;her hand,.in the cumuiate olivine-pyroxenites
and some gabbros, clinopyroxene éccurs as large crystals poik%&itica]ly
enclosing olivine, cﬁromite and plagioclase, and appears in these cases
to be théAlast mineral to érysta]Iise. o

o The analyses of-the clinopyroxenes are represented diagrammatica11y
in figure VIb where they all lie in the diopside or endiopside fields

'(Poldévaart and Héss, 1951). The clinopyroxenes of the cumulate rocks are

generally distingyishable from those of the harzbufgites and 1hérzolités by

¢
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Table XII: C]inopyroxgnes from Bay of Islands Complex

Lherzolites Hariburgites
V12A Vi - Vvi2C viz P2 V138 320A
510, 53.46 - 52.79 51.23  53.13 52.54 53.82
Ti0, 0.28 0.29 028, 0.00 0.00 0.0
ALO, - 6.24 6.11 © 6.6 6.05 5.69 2.64
Cry0, ©0.73 0.76 - 0.7 1.24 - 0.99 0.95
Fe,04 2.80 2.9 1.56 2.42 - 170 2.23
Fe0 ' o 1.62 1.91
MnO 0.00 0.00 0.00 0.00 0.00 0.11
Mg0 . 15.21 ~ 15.25 15.12 13.99  14.34 17.05
Ca0 '21.96  21.76 . 21.32 . 21.19 21.32 23.19
Na,0 1.24 1.06  1.20 1.72 . 1.72 0.00
K,0 : 0.00 0.00 0.02 0.01 0.02 0.00
Ni0 0.45 0.00 0.00. -  0.00 0.00 0.15
Ca 48.12 48.06  46.69 49.82 ~ 48.51  47.48
Mg 47.09 46.84 46.04 45.74.  45.38 48.78
Fe . 4.79 5010 5.27 4.44 6.11 . 3.74
Si : 1.894 1.894  1.841 1.924 1.902 1.948
At 0.106 0.106  0.129 0.076 0.098 0.052
'A16.- 0.155 0.152 0.136 .0.182 0.145 0.060
Ti . 0.007 0.008 0.008 0.000 0.000 0.001
Cr . 0.020 0.022 0.020 0.035 0.028 .  0.027
Fe . 0.000 0.000 0.043 0.000 0.040  ° 0.000
Fe? . 0.083 0.089 - 0.049 0.073 0.058 0.067
Mg 0.803 0.815 0.823 0.755 0.774 0.920 -
Mn 0.000 0.000 . 0.000 0.000 0.000 ~  0.003
Ni 0.013 0.000 ° 0.000 0.000 0.000 0.004
Ca 0.83¢  0.837 0.834 0.822 0.827 0.899
Na 0.085  0.072 0.085 - 0.121 0.121 0.000
K 0.000 0.000  0.001 0 0.001 0.000

.000



- 26

7 -

Table XII {Continued)

Harzburgites '
"186A 1868 186 P4 . 185A 187A 189A
5i0, 53.69  54.09  54.46  55.18 = 52.13  52.23
- Ti0, 0.02 0.02 0.01 0.02 0.02 0.01
A1,0, 2.28  1.96 2.13 2.53 2.08 1.63
Cr, 05 0.81 0.67 0.73 0.95 0.95 0.00
Fe,03 2.18 2.25 2.20 2.20 2.14 2.23
FeO .
MnO 0.00 0.00 0.00 0.00 0.00  0.00
Mg0 17.25 - 17.22  16.88  16.57  17.74  19.76
Ca0 23.03  23.38  23.49 ' 22.23  23.99  22.2]
Na 0 0.33 0.31 0.30 0.09 0.14  0.00
K,0 0.00 0.00 0.00 .00 0.00 0.00
NiO 0.02 0.09 0.01 .09 0.11 0.07
Ca 47.25  47.52  48.24  47.36  47.58  43.14
Mg 49.26  48.90  48.23  49.00  49.10  53.48
Fe '3.49 3.58 3.53 3.64 3.3] 3.38
Si 1.953  1.962° 1.9%68  1.9%7 . 1.916  1.928
aé 0.047  0.038  0.032  0.013  0.084  0.071
b 0.051 - 0.086  0.059 _ 0.094  0.006  0.000
Ti 0.000 ~ 0,001  0.000  0.001 - 0.008  0.000
Cr 0.023  0.019  0.021  0.027  0.028  0.000
Fe3 0.000  0.000  0.000 . 0.000  0.000 -~ 0.000
Fe? 0.066  0.068 ° 0.066  0.066  0.066  0.069
Mg 0.935  0:931  0.919°  0.889  0.972  1.087
Mn 0.000  0.000  0.000 .0.000  0.000  0.000
Ni 0.001  0.003  0.000  0.003  0.003 ° 0.002
Ca 0.898 - 0.907  0.910  0.862  0.945 - 0.879
Na 0.023  0.022 - 0.021 .0.006 0.010  0.000
X 0.000  0.000  0.000 , 0.000  0.000  *0.000.
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Table XIT.(Continued)

Dunites, Critical Zone, Gabbros

0.000

1898 274A 271 282A 2828 205A
510, 56.25 52.17 50.61 51.25 51.40 “751.21
Ti0, 0.00 0.21 0.02 1.39 1.81 0.64
A1,0, 0.62 2.18 " 2.35 4.6 ;3.44 4.58
Cry0, 0.04 1.46 0.10 °  0.19 0.18 0.47
- Fey03 2:18 1.746 g 43 6.69 6.69 2.382
Fe0 : 0.839 : 4.55
Mn0 0.00 0.11 0.17 0.23 0.21 10.00
Mg0 22.99 17.58 18.04 14.42 14.43 15.27
Ca0 -18.44 *  23.6D 23.28 21.60 ' 21.36 21.43
Na,0 ° 0.00  0.00 0.00 0.00 0.00 0.54
K,0 0.00 '0.00 0.00 0.00 0.00 0.03
NiQ 0.05 0.05 0.00 0.16 0.17 0.00
Ca 35.36 47.15 43.49 45.78 45.50 44.47
61.38 48,92 46.88  42.76 43.02 44.07
Fe 3.26 3.93 9.63 11.45 11.48 .47
. §i 1.991 1.902°  1.864 1.880  1.903 1.859
at 0.009 0.094 0.102 0.120 0.097 0.141
AR 0.017 0.000 0.000 0.080 0.053 0.05%
Ti *0.000 0.006 - 0.001 0.038 0.050  0.017
Cr 0.001 0.042 0.003 0.006 0.005 0.013
Fe3 0.000 0.048 - 0.000 . 0.000  0.000 0.077
Fe? 0.065 0.026 0.198 . 0.205  -0.207 0.138
Mg 1.213 0.956 0.990 0.789 . ~ 0.795 0.826
- Mn '~ 0.000 0.003  -0.005 0.007 0.007 0.000
Ni v 0.001 0.001 0.000 0.005 0.005 . 0.000
Ca '0.699  0.992 0.919  0.849  0.846 ~ 0.834
Na 0.000 0.000 0.000 . 0.060 0.000 0.038
K’ 0.000 0.000 0.000- 0.000 .  0.001
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¢ _Table XI1 {Continued). .
Dunites, Critical Zone, Gabbros
2058 201A 201B 199A 1998 199C
. \
5i0, 52.48 51193 51.21 52.76  51.82  53.39
Ti0, 0.73 0.91  0.66 0.73 0.82 0.83
A0, 4.300 4.01 3.60 2.75 2.86 3.02
o0, 0.42 0.14 0.2] 0.23 0.24 " 0.25
Fe,0, 6 61 177 393 247 2.8 é 50
Fed 5.62 3.92 3.64 3.86
MnO © 0.00 0.00 0.00 0.00 0.00 0.00
Mg0 15.36  15.64  16.10  15.73  15.60  16.04
Ca0 21.53 21.55  21.33  23.26  22.72  21.17
Na,0 0.09 0.37 0.39 0.49 0.41 0.45
K0 0.04 .  0.03 0.03 0.00 0.01 -~ 0.02
Ni0 ©0.00  0.00 0.00  0.00 0.00 0.00
ca 44.80 44.04  43.05  46.79  45.94  43.60
Mg 84.46 44.06  45.20  44.01  43.88 45.95
Fe 10.74 11.50  11.75 9.20  10.18  10.45
Si 1.877.  1.862  1.902 . 1.888 - 1.928
mt . 0.123  0.138  0.088  0.112  0.072
a8 0.048  0.017  0.019  0.011  0.057
Ti ©0.025  0.018.  0.020  0.022 °  0.023
Cr £ 0.004  0.006  0.007  0.007  0.007
Fe3 0.048  0.108 0.067  0.079  0.000
Fe? 0.1770  0.119  0.110  0.118  0.19
Mg 0.843 . 0.873  0.845  0.847  0.863
Mn 0.000  0.000  0.000  0.000  0.000
NG 0.000  0.000  0.000 °'0.000  0.000
Ca 0.835  0.831 0.899  0.887 * 0.819
Na 0.026  0.028  0.034 . 0.029  0.032
K 0.001  0.001  0.000  0.000

0.001
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Table XII (Continued)

Dunites, Critical Zone, Gébbros

196 198A 1988

50, 53.25 50.48  49.19
Tio, 0.3 1.18 1.47
A1,0, 2.58 ©  .3.48  '3.71
Cry0, 0.38 0.27-  0.28
Fe, 0, e 2.01 4.08
Fed 3.78 . 1.69
MnO 0.00 0.00 0.00
MgO 16.65 15.62  15.30
Ca0 25.67  21.74  22.47
Na,0 0.30. 0.42 0.52
K,0 0.00. 0.00 0.00
NiD 0.11. 0.00 0.00
Ca 50.77  45.45  46.87
Mg 45.96 45.42  44.39
Fe 3.27 9.12 8.74
5i ©1.919° - 1.874  1.83%
at 0.081 |
m® O,E
Ti .. -0.009
o 0.01
Fe3 0.000
Fe? 0.064
Mg 10.894

“.Mn 0.000
Ni 0.003
Ca 0.991
Na 0.021
K 0.
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5

Clinopyroxenes from Bay of Islands
Complex.
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their more iron-rich éompositions and a corresponding titanium enrichment,.'
although there is so%e overlap in values. This“tifaﬁ5um énrichment seems

to be less dependent on pressure of crystal]isation'(Ake1la ana Boyd,
1973)'than on:availébility of titanium and its substitution for iron. ‘The
clino?ykoxenes of the 1her261ites and harzburgites have'ﬁigher chromium
contents than those‘from the cumulate rocks, except in one case (274A)

where the hyroxene is from a chromite-rich band, and. this enrichﬁent in

the Kosmoeh]or molecule is comparable in amount-with ihat~in the chrome-

diopsides produced in the experiments of Dickey and Yoder {1972) at pressures

.up to 20kb.

"The Therzolitic clinopyroxenes are.righer.in both A1203 and Na20
cohpared with the harzburgitic pyroxenes. This may be taken as an effect
of equilibration under h%ghéﬁhgressure§ (Kushiro, 1960; Rothstein, 1962;

Kuno, 1964; Green and Ringwobd, 1967; Aoki and Katsura, 1968; Burns, 1969;

,'Irv1ng, 1974 and Munoz and Sagredo, ]974) Church (1972) recognised

.b
similar differences in A1203 contents, and divided the qgcks oq_this basis

into 'high-pressure' and 'low-pressure' associations. The present writer

Aagrees with Church in this division but suggests that their re-edu?]ibration

need not, as he states, have “involved crystalTisation from a magma body --

~ (Church, 1972, p. 79).

Sincéldiopside,appears to have been the last mineral to crystallise;

~ip the gabbros and olivine pyroxenites, its composition may be expected to

ref]ect the compos1t1on of the residual magma ¥ th1s ‘stage. Kush1ro (1960),
Le Bas (1962) and Rothstein {1962) have indicated that th%psubst1tut1on of
Al for Si can indicate magma type: e.g. in the Le Bas' (1962) plot of .

total A1203 against 5102, clinopyroxenes from thd]ei?tiqua1ka1ine and = -
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. peralkaline rocks fall imfo.three fairly well defined fields (Fig. VIc).
Kushiro has obtained similar results using atomic amounts of Si and Al.
Since pressure may effect tme'amount of total Al substitution in the
pyroxenes, Koshiro's plot has been modified in figure VId.so that only
substitution in the tetrahedral sites are p]otted." In both diagrams, a]j
but ome of the pyroxenes plot clearly iﬁ*ﬁhe tholeiitic field. At first,
this seems incompatible with the slightly a]kaiine nature of some bulk
rock analyses (p..324) bot may be explained in terms of pressure of
crystallisation, and an increased solubility of.enstatite ¥n diopside in.
pyro;eneS'crystallisiﬁg at pressureé‘greater than 1 atmosphere. . This
effect may push the c?inopyroxene composimion into fhe thoieiitic field,
although the magma’ compdsition is's1ight1y-a]ka1ine (Figure VIe). °

v) Coexisting orthopyroxene and cllnopyroxene Est1mat1on
. of equ111brat10n temperatures

The c]1nopyroxenes from the harzburg1tes generally have a h1gher..

2;

Mg: (Mg+Fe“+Mn) ratio and a s11ght1y lower Al1,0, content compared with the

273
coexisting orthopyroxenes The A]2 3 is present ch1ef]y in Tschermak
subst1tut1on [ (ca, Mg) Al S106] and not as Jaderte These c11nopyr0xenes
also have s]1ght1y more Cr203 than the orthobyroxenes, a]though the
dwfference is not sxgn1f1cant

One method’ for determination of temperatures‘of equilibration of
peridotites has been the composition of diop;ide coexisting with enstatite’
‘using the solvus as determined .by Davis and Boyd (1966) and Boyd and |

2+ between coexisting ortho~ and

Scha1rer (1964) The distribution of Ca
c11no pyroxenes from the lherzolites of the’ Bay of Islands Complex suggests

that they last equilibrated on the pyroxene solvus at about 1000°C
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Modified Kushiro (1960) plot for cpx's
from Bay of Islands Complex. '
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9
(%ign VIf). ‘Re-examinations of the solvus at lower temperatures.(Nehru
and Wyllie, 1974; Lindsley and Munoz, 1969) and higher temperatures
(Howells and 0'Hara, 1975; Mori and Green, 1975) indjcate that the
solubilities of enstatite in diopside are greater than previously thought
at temperatures below 1200°C. It is probable, therefore, that temperature
estimates below 1200°Ctmight be Tow. The applicability of any of these
solyi.determined'in olivine:free assemblages to olivine saturated natural
assemb]ages is questionable in any case, since the activity of si]ice has
' ~a major inf]Qence.upon tﬁe'Ca/Ca+Mg ratio of diopside coexisting with
enstatite, at jeast at high'temperatdres (HoWe1ls and O‘Hera, 1975)..
' Other estimates of temperature and pressure of equilibration

may be obtained using the methods of Q'Hara (1967); Wood end Banno (1973},

Wood (1974) and MacGrejer (1974). These are presented in fiéure Vig and
:Taple XII1. Because most of-these,methods depend on the coexistence of an
aluminous phase for the estimation of pressure, only c]indbyroxene com-
positions from the lherzolites are used. In.these cases, spinel is tpe
“aluminous phase. -O'ﬂera's (1967) « and /B-parameters for e1in0pyroxenes
from the lTherzolites are plotted in Figure VIg and indicate temperatures
of the order of 1000°C-1100°C and pressures of about 18-20 kbs. The
spine]-1herzo]ite/garnet-lherzo1ite phase boundary has here been modified
after 0'Hara (19751_pers. comm.) and should perhaps be further modffied

to increase the~pressdre range of the spinel-lherzolite f%e]d because of
the influence of Crzo3 in the system on the pressure required to stabilise
garnet-lherzolite (Machegor,,1970). With these modifications the data
_po1nts fall clearly w1th1n the sp1ne1 -Therzolite facwes f1e1d

Using partition coeff1c1ents of Mg2 and Fe between coex1st1ng
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Figure Vie: Solubility of enstatite in diopside with
increasing pressure.
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Figure VIf:  Ca* distribution in coe
and diopsides.
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&
“
Figure VIg PT equilibration estimates for chnopyroxenes
- from Therzolites -- 0'Hara (1967)
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Temperature parameters and estimated temperatures

-?80-

- TASLE XIII

for coexisting pyroxenes (Wood and Banno, 1973)

A a M9251206 opx a M9251206 cpx Temp®C *Pressure
: B
185 0.713 0.095 . 1120 -
186 0.781 ©0.064 g 10 --
187 0.756 0.039 968 -
189 - 0.782 0.110 1140 --
320 0.764_ 0.075 1070 -
V12 0.687 - 0.054 1006 18-20 kb
V13 0.644 0.036 968 - 17-19 kb
A 0.646 0.031 945 18-20 kb
7 VI3 .
[
" * (Where in equilibrium with an aluminous phase)
Ca]cu]ated after MacGregor (1974) |
 Wood (1974)
« |
8
N

A .
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\

orthopyroxenes and c11nopyroxenes (Wood &hd Banno 1973) similar .
=)

temperatures are indicated. Temperature estimates for the harzburq1tes

are also possi¥le by this method, whjch does not depend,on an accompany1ng

a**mihous phase. 'Nith.these.temperatures_the curves of Wood (19?4) and
MacGregor (1974) based on.A12+ substitution in M] sites of orthopyroxenes

coexisting with an aluminous phase, give pressures of 17-20 kbs for the

-lherzolites.

Thus all methods give relatively consistent temperatures and

pressures of re-equilibration of zabout 1000°C and 18-20 kbs.  This corroborates
: VI *

the textural evidence for. a certain amount of §ubso1idus_recrysta]ﬂfsation

(Chapter V).

‘noat
- 2 & . X
d

vi) Spinel group i | P

, Chrome spinel occurs disseminated throughout the harzburgipes
where it represents a residual phase, and in.the dunites where it is ‘
‘genéra11y an intercumu1u§ phase forming aboﬁt'1 bercent of the-rock. Smé]l )

concentrations of cumulate chromite.occur as thjn‘étreaks or layers in phen
dﬁnites, but concentratign is not copmon iﬁ'the hafzburgités,exceptvpqssibjy
on the Lewis Hills (A. R. Berger, per&. comm.). On North Arm Mbuntéin, | 'f:
. Bwa me,ddwn Mpuntain‘aﬁd the Lewis Hills, copcentnated.dégosits ofvéuhedra]
chromite have been recognised at fhe base of the dynite zon§: In'the}
:Stowbridgé deposits, the largest concentrations of chromite onlﬂorfh Arm T
Mountain, (Fig. iIIb), the cﬁromite concehtrations lie about 500 ﬁ strati-
grapﬁﬁca11y be]ow the‘critica1 zbne Similar lenses of. chromite occur

- 300- 600 m-below the critical zone on Blow me down Mountaln -

Chromite in‘the iarzburgjtes occurs aSovar1ab1y resorbed to euhedra]

'crygta1s. ‘In the dunites, the disseminated chromite is ranely éuhedral and
Y . . : @ , ..
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" position, especially with regards to Cr/Cr+Al. Generally the Mg/Mg+Fe

_ (although only slightly) lower Mg/Mg+Fe
’ 3+ : ~
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is genérar]y fouhd enc]ésing\'/ﬁvine as'an intercu phase. Spfnel'
is also found Qn ﬁhe 1herzo11tes as subhedra] to anhedral crystals wh1ch
are often deﬁermed and flattened*(Ma1pas 1973). Thq,sp1ne1s not on]y show
d%fferences 1h£}§?§uﬁé§ but qégzgcolour d1fferenézs re]ated to chemical
compos1t1on. .The harzgg:gfée SpEnels are red- brown or brown- greep
translucent. In the duﬁites an 6paque,to deep-red chromite is common and
]ook ery much likebébe cumulus chromite of stnat{form intrusions (Irvine
and‘Fihd]ay, 1972). Spinels from the.lherzolites are charaétérﬁstical]y
grass green to o]1ve green ' .

E]ectron m1croprobe ana]yses of 17 sp1nels are given’ 1n Table XIV.
The iron was. determined as.tot;1‘Fe2 -aqp then reca]culated on the assumpt1on
‘;hat'thé overall RO:Rzoa‘fatio is {:]f The‘ya1idftx bf this method has
been diécussed by~Stevéﬁs (1944) and Ifvine (1965) The spine] end members -
- have been ca]cu]ated according ‘to ‘the method of Irv1ne (1965) and end member
proport1ons are p]otted in the Johnson sp1nel pr]sm in Figure VIh.

All anaiyses plot c]ose to the sp1ne1 hercynlte chrom1te pzcrochromite

p]ane Proaect1on of these data poznts onto the two p]anes exp
2+ 3+

Cr/Cr+A1 vs Mg/Mg+Fe and Fe /Cr+AI+Fe Vs Mg/McH-Fe2 show a number o

features. Most 1mportant1y, the sp1nels show a 1arge var1at1on 19 com-_
2+

ratio increages as the Cr/Cr+Al ratio decreases. This has been shown to be -

. . N\
“the qgﬁgra] case for alpine peridotites (Irvine, 1967; Himmelberg and

-Coleman, 1968; Loney et‘al., 1971). The harzburgite spinels show distinctly

" h¥gher cr3* than those of the dunites. They a%&g show correspondingly

2*, In geperal the dunite spinels

contain more iron in the Fe” state than those of the harzburgite. Spinel

’,
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.~ «Jable XIV: Spinels. from

Bay of,,'I-STands Complex -

,.Sp

CoMt

hercynite; Mgf = magnesioferrite; Mt = magnetite. End member
calculated according to the method of Irvine (1965).

| Dunite Harzbuggite
195D 19580 196D © 194D - 1924 181 H 182 H
—- s

sfo, 0.0 0.0 0.0 © 0.0 010  0.50 0.0
Tio, - 0.36 0.43 0.51 0.43° 0.1 0s11 . 0.05
AT 0, 32.05 . 3119 29.08  30.62 8.5 7.78 - 33.61
Cr,0,  33.74  34.02  30.06  34.04  61.18  61.29  33.45
Fe,0, - 4.88.  5.20 6.10 ~5.46 2.04 - 1.93 2.52
Fe0 - 14.04  14.33  16.42 1490  17.51  16.39  13.31 .
Mn0 - e - - - - -
M0 . - 15.36  15.09  13.10  14.38  10.36  10.39  15.06
Ca0 | . - 0.10 =~ - 1 0.12 - -
Na0. - - 0.02° - - 0.0 0.03
K,0 - - - - - - -
NiQ - - 0.47 0.45°  -0.04 0.47 0.40
TOTAL  100.44  100.27  99.79  100.29  99.82  98.46  98.44
Usp 0.79  0.95 113 . 0.95  0.24 . “0.28  -0.1%
Che '32./1  33.3¢  39.03 34,97  48.24.  45.75  32.66
MgChr 6.14  6.11 1.37 4.77 32,17 31.83° 6.3

55.14  54.03  51.55  53.42  16.79  15.60  58.50
Her - - - - - - - -
Mgf 5.32 5.94 6.90 6.30 2.57 .83 2.40

-0.32  -0.38 . -0,00°  -0.43 - - -

CUsp = ulvospinel; \Chr = chromite; MgChr = magnesiochromite; Sp = spinel;

Her =
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tTab]e XIV (Continued)

Her = hercynite; Mgf = magnesioferrite;'M$ = magnetite. End member

'Harzburgite

186 H. 190 H 188 H- 184 H 185 H 183:H 187 H
si0, 0.0 0,03 0.10 0.08 0.06 0.07 0.04
Ti0, .0.12 .0.14 0.15 0.02 0.0 0.10 0.12
AL, 0, 27.01 13.00 ~ 18.93 2556  25.98  18.84 21.20
Cr,0. 4256  54.10  50.54 45.23  43.38 51.36  47.98
Fe,0, 1.30 - .0.0 1.66 0.45 1.07 0.83 1.7
FO . 15.32  20.94 w 15.79 13.83  15.81 15.40 1466
MnO - - - - - - -
Mg0 13.36  11.3¢  12.49  14.28  13.04  12.49  13.25
Ca0 - 0.01- - 0.03 - 0.02 - -
Na,0 0.08 - - - - - -
K50 y - - - - - -

. Ni0 0.34 0.40 0291 0.48 0.37 0.57 0.40
ol Y0010 99.96 104.0 99.98  99.72  99.68  $9.37
Usp 0.27  0.32 0.35 -0.00- 0.0 0.20 0.28

~ Chr 38.39  44.24 . 40.15 34.50  39.90 39.72 37.33°
MgChr  12.64 24.95 22.47 19.44  12.22 2411 21.53
Sp 48.38  24.83 - 35.04  45.54  46.64 34.98°  38.55
Her - - - - - - -

Mgf 0.31 . 6.03 1.97 0.51 122 0.97 2.00
Mt - 0.38. - - - - -0.01
'Usp =Iu1Qosp1ne1; Chr = chromite; MgChr

= magnesiochromite; Sp = spinel;.

calculated according to the method of Irvine {1965). -
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% . Table XIV (Continued)
Harzburgite Lheriolite ' ?
189 H izt V3t
~ ;]
sio, 0.06" 0.0 0.0 ,
Ti0,- 0.14 0.10 .0
AT,0, 17.22 54.3? 53.34
C\"ZO3 51.27 13.35 16.81 @
Fe203 2.18 0.32 5.04
Fe0 17.54 14.28 .32
Mn0 - -, -
Mg0 11.10 17.19 17.86
Ca0 - - 0.02
Na20 - - -
K20 - - vo- .
Ni0 0.38 - - .
TOTAL 99.90 99,57 100.41
.Usp 0.3 0.20- -043
Chr 45.83. 14.06  18.77
MgChr 18.80 - 0.0 1.47
Sp 32.42 68.3¢ . 79.78
" Her - 17.07 -
Mgf 2.64 - 0.0 -
Mt -0.04 0.3 -
Usp = "ulvospinel; Chr = cﬁromite;-MgChr = magnesiochromite; Sp = spinel;
Her = hercynite; Mgf = magnesioferrite; Mt = magnetite.. End member

. ealculated according to the method of Irvine (1965).



- 286 -

Figuré VIh: Plot of spinel compos1t1ons after recalculations
of end members
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from the 1Herzolite, V13, tentatively recbgnised &s ceylonite by Church
(1972) does not have sufficient Fe2+.substitution for M92+ to be eonsidered:
such chemica]]&, aMhough that from V12 does have a Mg/Mg+Fe2+ ratio within
the 1iﬁits for pleonaste spinels (Deer gg_gl., 1962). However, these
spinels are High]y aluminous by comparison witbuogher spinels from the
harzburgites. - It is noteable that‘%he Cr203 in the clinopyroxenes of the
lherzolttes probably accounts for much of the bulk rock Cr203. -
Irvine and Findlay (197é) suggested a correlation between chromite
cell size and calcium content of the bulk rock, as a ?Esu]t of a reactibn .
-between 11qu1d and chromite to produce a more aluminous spinel and c11no-
pyroxene " Loney et a] (1971) s1m11ar1y suggest that the d1fferent
compositions of the chrome spinels in alpine peridotites are nof a result
of different conditions of crystallisation, but reflect Qifferences in
original bulk rock composition. Maipas and Stfong (1975) have suggested
that differences in environment of crystallisation may, however, account. for
muEh of the variation in the Bay of Islands spinels, in as much as Cr3+ is

concentrated in residual phases {Dickey and Yoder, 1972; Burns, 1973). _ -

vii) Coexisting olivine and chromian spinel

Cation distribution between coexist1n§ olivine and chromian spinel

has been diSCUséed bg Irvine (1965), Jackson (1969) and Loney et al. (1971).

The Mg-Fe2 exchange react1on can be wr1tten. |
2

_Fe S10 502 + Mg(Cr, , A]F Fe Y )204 MgSi, -0, + Fe

2
0.572 (

. 3'
Cr‘{ » Al g Fe Y )204

where o + P Yy = 1, and are fractions of trivalent cation in chromian

spinel. '
Trvine (1965) and Jackson (1969) have shown that the thermodynamic

equiTibrium distribution coefficient (K) for this exchange reaction is given by:

BN
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K = xO] xchg .
Mg Fe
X0]2 xchr ' -
Fe Mg :
Y o ‘ S °
~ wherg ,XO] and Xm2 are the mole fractions of the end members of
Mg Fe™ o . . '
MgSiy 50, and FeSig 50, in olivine, and x;'g"‘ ahd X5 are the

fractions of'divalent cations in chromian spinel.
Jackson .(1969) developed the following equation for determination

of temperature (in °K):
. » ' A

;- 5580& + 10188 - 1720y + 2400

0.90x + 2.56f - 3.08§ - 1.47 +1.987 i K.

K valués and estimated temperatures for coexisting chrome spinels and
.olivines are presented in Table XV. Temperatures are of the order of
1300°C in the harzburgites and 1200°C in the dunites, up to 300°C higher

than previous temperature estimates. The range of temperature estimates

may not,however, be so significant and represents small analytical errors

and estimates in recalculation of results. For temperature calculations

2

Fe" was taken as total iron for the olivines. Jackson (1969) estimates

. ¥-
that variations of up to + 300°C are possible when errors in spinel

~

free-energies alone are considered.

-

viii) Plagioclase

The plagioclase of the gabbrojc rocks occurs as twinned,
subhedra’l crystZ¥s that range from 2 to 4 mm in greatest dimension. The *
crystals appear unaltered in thin section and arevunzbned. Confirmation

of the lack of zoning was obtained b} scanning the crystals for Ca and Na
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‘//¢p\ - Table XV

Coexisting .Spinels and Qlivines

-

140

e Specimen # o ~ Rock type K ’ 1°¢
e »
196 S Dunite 5, 1291
195 A . : " 5 1314
195 B ' " 5 1318
194 - " 5 1263
192 A Harzburgite 10 1418
192 B /) Co 10 1408
190 A - " 9 - 1382
190 B u 8 1394
189 _ " 8 1263
188 " 7 1336
187 S 6 . 1433
186 n 6 | ‘::}237
185 ' " 7. ~——1204
182 o " 5
181 A " 9 1458
181 ' 0 1460

" oo
—
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(Fig. VIi). Analyses of nine plagioclases from the gabbros of Blow me down
»
Mountain and critical zone of North Arm Mountain are g1ven in tab]e XVI and

k .

plotted in figure VIj. The compos1t1on of ‘these p]agloc1ase§ varies from '
A"GS to An83.and there is.negligible potassium. However, the;varietion
does not seem correlative with distance from the cfitica] zone. Th® lack
~ of correlation between ‘composition and position within the 1ayered gabbrd
sequen;e may indicate that rather than crysta111s1ng from a single 1arge
differentiating magma body, re3uvenat1on of the magma by fresh 1ntrus1ons
‘led to a number of cyclic units. Bandirg is not everywhere well developed
in the gabbro and it is often difficult to relate mineralogical diffe}ences
with positfon. However, with-thg few ana]yses‘availabie a tentatiye
suggestion may be made that a number of cyclic units aée représenteq; with
compositions ranging from about Ahao at the base of the c}cIes to An65 at
the top (Tab]e XVII), This'suggeetion must éwajt confirmatiqa,by'ana1ysis_

of more closely spaced samp]es.

B. Bulk Rock Chemistry.

Chem1ca1 analyses of samples from the ophiolite suite are ‘given
~in Tabies XVITIXXII1. The major oxides were determined by Atomic Absorbt1on”
‘Speqtrometry and the trace elements by X-ray f]uorescence.spectrometry.
Precision and accuracx,of analyees are giveh in Appendix III. The variation
in degree of serpent1n1sat1on of the ultramafic rocks resu]ts 1n variations
of H20 content wh1ch makes- it d1ff1cu1t to compare chemical analyses.

Interpretation of the analyses 1s,also.comp11cated by the possibility that
serpentinisation may have removed major constituents. Recent literature

tends to suggeést, however, that this is not generally the case (Green, 1964;
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W

Figure VIi: X-ray scans of plagioclases in gabbros -- °
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-
, PR et W
tﬁ ey P]agkqg]asés from Bay of Islands Gabbros
A . f° . Blow me down Mtn. Gabbros © N.AL Mth.
O s é} ‘o 2 . . C.Z.
3 C & 198 199A 1998 Z60A 2008 201 204 205 271
3 - B
Si0, - 47.73 51.61 53.22 48.50 47.93 48.15 52,67 5}g85 45.37 _
‘ . TiO, 0.05 0.08 0.07 :0.05 0.05 0.05 0.04 0.03 0.00
A1,0, 33.03 30.87 31.11 33.18 32.79 33.75 30.93 32.42  33.10 f'
Fe0 0.38 0.55- 0.44 0.24 0.20 0.42 0.14 0.20- 0.32
MnO 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.03 "
Mg0 0.03 0.02 0.03 0.02 0.00 0.04 0.00 -0.00 0.00
Ca0  16.26 13.75 13.62 16.21" 16.10 16.95 13.34 14.29 19.10 .
Na,0 2,43 4,03 4.12 2,60 2.56 2.00 '4.21 3.28  2.43
! o Ky0 0.02 0.03 0.07. 0.04 0.04 .0.03 0.03 0.03° 0.00
. . . " ;
g S 8772 9.326 9.429 8.823 8.822 8.725 9.436 9.192  8.419
. Ti 0.007 0.011 0.009 0.007 0.007 0.007 0.005 0.004 0.00
£ m.2 7.158 6.577 6.499 7.117 7.116 7.211 6.534 6.843 7.242
S Fe® 0.058 0.083 0.065 0.037 0.031 0.064 0.021 0.030 0.050
~ M 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005
.5 Mg 0.008 0.005 0.008 0.005 0.000 0.071 0.000 0.000 0.000
S Ca - 3.203 2.663 2.586 3.160 3.176 3.291 2.561 2.74} 3.798
5 & - 7
& Na© 0.866 1.412 1.416 0.917 0.914 0.703 1.463 1.139 0.874
K 0.005 0.007. 0.016 0.009 0.009- 0.007 0.007 0.007 0.000

) Feldspar An 79.60 '66.56 65.70 78.34 78.48 83.10 64.90 71.74 82.17
v Com- Ab 20.29 33.27 33.90 21.43 21.28 16.72 34.93 28.08 17.83
- position Or 0.12 0.17 _0.40 0.23 '0.23 0.18 0.17 0.18 0.00

\ _‘ ' ' -
;ﬂi”-".. } : . - . T
- N . _‘ o ‘ o
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TABLE XVII

@ b
An contents of.plagioclases. from North Arm Mountain Y
according to stratigraphic position '
= L T
24
- A3 o
. ] " C _ «
o ToP 198 7 Angg )} —LBroposed cycle
199 R _
) /Prop05ed cycle. 27(?)
200 ' - An & : '
. . 78 - / » ’
-- o 201 An83\
) 204 : Angg % Proposed cycle 1 (?) .
B BoTTOM . 208 An, N
. -. . . . < -~
~ 7.
» N /‘-.
’ /
A \
K 1

N
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ANALYSTS OF LHECRZOLITES FROM TABNE MTH,,
BAY OF ISLANDS COMPLEX

V1271

S~

. Ny e asyy o vierl
510, 37.70 38.34 42.49 38.89 39.25
Tioz' 0.00 0.21 0.30 0.00 ' 0.3
A1,0, 1.63 4,50 3.14 2.2 2,40
Fe,04 1.51 1.70 1.73 1.80 1.90
Fe0 5.07 8.13 5.89 5.84, 5.39
M0 0.12 0.10 0.11 0.11 0.1
Mgb 37.70 31.20 - 34.80 36.00 37.76
Ca0 1.02 4:00 ~ 3.00 2.06 2,70
Na,0 0.04 0.21 0.10 0.13 0.09
K50 0.00 - 0.60 ... .0.00 0.03 0.00 -
P,0g - 0.00 0.05 0.05 0.60 0.05
Ign. 13.46 11.30 9.00 11.02 10.20
TOTAL 98.25 100.34  100.61  98.09  100.1%
ppm ' -
26 nd 33 s /nd 2
.S nd I 16 i 2.
Rb 9 - 15 no. &/ oo
In 51 72 53 55 55
Cu- 10 32 24 14 17
*Ni . 0,33 0.21 - 0.28 0.29 0.30 2
*Cr > 0.19 0.12 0.17 0.18 0.17
Ba .82 182 85 76 77
*N{ and Cr in %
Q ) .
wt. 1. r . P “
or 0.00 3.98 0.00 * 0.20 - 0.00
Ab- 0.30 . 2.00 -0.92 1.26 0.85
Ey An . 5.03 10.74 8.86 ,6.16 v+ 6.83
G (1o 0.39 4.67 ,2.94 3 3.2
Di{Ens 0.32° 365 2,34 .86 ° .59
(Fs 0.03 . 0.63 0,26 . 0.21 ¥
pylENS 19.87 3.50 451 17.61 2-60, -
Y(Fs 1.76 0.63 _33.07 2.00 aa
o1{Fo 63.45 56.22 45.39 -,5s.g4 62.63
ra 6.19 11.08 “5.58 : 7.33 6.62
Mg 2.56 °°  2.44 2.37. '2.50 2.42
Im 0.00 0.45 0.62 0.00 0.65
Ap 0.00 0,13 0.13 0.00 0.13 %
e .
TOTAL 100.00 99.98  99.99  100.00  100.00
For normative ana.lyses Fe,0q recalculated to 1.5%.
N 9
nd: not detected , . ’
- : not determined -»
a an
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Table XIX (Continucd)}

IMIB7 -

‘ JMI1Es, .,

b4 184 Ju18s JMS6 J14189 JH190
sin, 36.83 .. 37.54 36.74 37.93 37.313 37.69 36.13
Tio, ° 0.02 0.07 0.02 0.07 0.07 0.09 0.02
R1,0, 0.60 0.60 0.40 0.60 0.40 " 0.40 0.30
Fe,0, 2.30 3.01 2.51 3.61 2.96 2.41 2.25
Fel 5,49 4.56 4.56 3.9 4.62 5.17 4,92
tn0 0.10 0.1 0.12 0.1 0.12 6.1 0.
Mq0 40.480 41.03 30.43 42.53 41.03 41.50 43.45
Ca0 0.70 0.60 0.30 0.60 0.50 0.60 0.30
Hia,0 0.00 .00 0.00 0.00 0.00 0.00 0.00
K,0 0.02 0.02 0.62 "~ 0.02 0.02 0.02 0.02
P,0g © .00 0.00 0.04 0.00 . 0.00 0.05 0.00
Ign. 1.30 11.84 13.94 10.76 13.37 13.09 13.74
- TOTAL 98.17 99,38 98.09  100.14  100.42 }iﬂ.l3 101.24
ppm
b - 4 3 nd rid nd nd_
ir 12 n - 1n 13 10 16 13
Sr 671 677 663 683 -687 664 704
fb 6 5 16. 2 13 13 10
In’ 49 51 52 54 52 -56 47
*Cu nd 12 nd nd | - nd 6 nd
i 0.42 0.3 0.33 0.3 0.33 0.3 0.3
*Cr 0.15 0.24 0.22 0.25 0.2} 0.25 0.19
La - nd - nd nd 13 nd nd
Ba 22 23 16 16 20 6 - 28
. Py
. *N} and Cr in % ~ N
. 7 .
3 ? . N )
d!tn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
 Ofy.s 0.14 0.14 . 0.4 0.13 0.14 0.13 . 0.14
b= 0.00 0.00 0.00 0.00 0.00 0.00 0.00
An .83, 1.8] 1.23 1.77 1.19 1.18 0.87
tie 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cor ,0.00 0.00 0.00 0.00 0.00 0.00 0.00 -
(Vo) 0.91 0.67 0.23 0.66 0.70 0.93 0.35
Di(Ens 0.74 0.54 0.18" 0.53 0.56 0.75 0.28
(Fs 0.07 0.05 0.02 0.05 0.05 0.07 0.02
yy(EnS 10.23 12.92 +17.68 10.08 12.99 12.48 4,07
Yirs " 0.98 1.10 1.56 - 0.60, 1.20 1.12 0.33
o 70.67 72.66 59.61 . 75.83 73.0% 73.39 83.95
01(Fa 7.68 7.39 “6.73 7.47 7.46 7.28 7.46
(Ln 0.00 0.00 0.00 ] 0.00 0.00 0.00
Mg 2.52 2,49 2.60 7.44 2.51 2.48 2.50
Im 0,04 0.15 0.05 0.15 0.15 0.20 0.04
Ap 0.00 0.00 0.00 0.00 0.00 0.00 0.00.
TOTAL 100.01 100.01 100.02 100,02  100.00 100,01

" 100.01

' For normative analyses fnzo
Nd: not detectoed

. =t nhot determined |

3 recalculated to 1,57

[
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TARLE XIX (Continued)

R

Cdni9r . am92 JHI193 JHEN-V

si0, . .78 3477 32.77  45.30

Tio, 0.07 0.02 *0.04 0.00

A0, 0.20 0.50 0.20 2.00 .

Fe,0, 2.00 2.44 2.04 1.89

Fe0 5.33 5.21 5.57 4.26

Hn0 0.10 o.n . 0.2  ™0.00

g0 .83  40.45 $N.73 2000

a0 0.30 0.30 0.00 19.05

Nay0 0.00  0.00 0.00 0.00

K,0 0.02 0.02 0.02 0.00

P,0¢ 0.00 0.00 0.0 0.00

1gn. 16.27 14.€2 15.65 7.30

2 .
TOTAL ~ 99.90 98.44 98.15 99,72
, 6. .
pom :

lib ‘ 5 - - -

Ir 15 .16 - nd -

Sr 18 nd = nd -

"R, 16 7 7 -

r 51 © 66 55 -

Cu nd nd - 127 -
*Hi 0.37 0.42 0.32 -
*Cr .0.39 0.37 0.47 -

la . “nd - - -

, Ba 16 22 10 -
*Ni and Cr in.% '
wt. 7 . -

Qtz 0.00 0.00 0.00° 0.00
or 0.06 0.14 0.00 0.00
Ab 0.00 0.00 0.00 0.00
An 0.58 1.56 0.00 6.02
Ne o.q& 0.00 0.00 .  0.00 °
Cor 0.0 , 0.00 0.22 - 0.00
(Vo1 0.50 0.09 0.00 35.75

Di(Cns 0.41 . 0.07 0.00 27.94
fFS i 0.03 0.M 0.00 3.89
HyLENS 0.00 6.55 0.00 0.00
Yirs 0.00 0.62 ° 0.00 0.00
Fo 87.40 79.95 £3.72 19.12
01(fa B.17 8.35 B.83 2.93

(Ln 0.00 0.00 0.00 1.95
i'q 2.6 2.61 2.65 2.40
INm 0.16 0.05 0.00 0.00
Ap 0.00 0.00 0.00 0.00
TOTAL 99.98  100.00  100.51  100.00

For normative analyses Fe203 recalcutated to 1.57

nd: not detected E
- : not determined

b
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TABLE XX {(Continucd)

o 19572 19672 £2 £4 £ES €8
s10, 32.28 34.39 35.24 45,12 46.64 441N
Tio, 0.12 0.02. 0.00 0.48 0.39 0.23
1,0, 0.20 0.20 2.46 15.38 15.50 11.64
Fe,0, © 5.88 6.27 2.53 . 0.94 1.04 0.87
Fe0 2.14 3.64 4.70 5,65 3.92 6.57
}n0 ~0.1 0.15 0.1 0.1 0.10 0.12
Mg0 43.43 40.23 39,30 10.99 10.55 14.30
Ca0 0.30 0.30 1.40 14.52 17.50 14.72
Nazo‘ 0.00 0.00 0.40 1.32 1.1 0.70
K,0 0.02 p.02 0.00  0.17 0.04 0.04
PO 0.00 0.00 0.00 0.00 0.00 . 0.00
Ign 15.4). ° 12.53 12-.42 2.80 4.00 4.20
TOTAL 99.89 97.75 98.56 .98.39  100.79 98.10
ppr .

Ir N 12 - 38 17 16
Sr 9 1 . 285 127 123
Rb 6 13 2 7 8 8
In 54 62 51 62 52 60
Cu - .nd nd 12 13 N6 254
i 0.37 0.32 .19 0.009 . o0.¢n1 0.030
Co - - 3 Y| a3 48
*Cr 0.39 0.39 0.4 0.039 0.083 0.075
V - - 29 38 32 30
Ba nd nd nd 750 572 399
*Ni and Cr in % . '
wte
otz 0.00 - 0.00 0.00 0.00 0.00 -0.00
or 0.00 0.14 0.00 1.05 0.24 0.25
Ab 0.00 0.00 0.7 11.68 7.32 6.30
An 0.00 0.57 5.71 37.16 38.41 30.33
. Ne 0.00 0.00 1.75 0.00 1.29 0.00
(Eo 0. 00 0.43 0.98 - 15.93 21.40 19.79
pi (Bns 0.00 0.39 0.79 11.40 16.26 14.19
*(Fs 0.00 0.05 0.08 3.1 2.94 3.83
uy (ENS 0.00 2.54 0:00 2.10 0.00 2.66
Y (Fs 0.00 ~0.34 0.00 0.57 0.00 0.72
fo . 90.35 80.80 79.16 10.59 7.62 - 14.76
_ Fa. “8:14. 12.06 B.29 °  3.18 1,52 4.39
Mg 2.09 2.57 2.53 2,27 2.25 2.0
INm 0.17 0.04 0.00 0.95 0.76 0.46
Ap 0.00 0.00 0.00 0.00 0.00 0.00
TOTAL 100.00 100,00 100,00 100.00

B

100,00
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TABLE» XX1 (Continued)

oy

P

7 20372 20572 _ 20672 200872 ° 20772
si0, 50.03 46.73 45.79 45.97 42.37
Tio, nd 0.47 nd '0.47 0.20
m?o3 19.30 19.70 21.80 22.00 22.50
Fe,0. 1.51 0.33 0.10 0.12 0.52
FeO 4.03 5.10 4.94 4.01 2.50
HMn0 0.10 0.08 0.08 0.08 0.05
Mg0 7.77 . 9.35 10.25 "9.60 n.18
Ca0 1.8 13.67 . © 12.46 13.18 12.69
Na,0 12.52 1.85 1,50 1.57 1.29
K,0 nd 0.03 . 0.23 0.09 nd
P,0c nd nd .00 0.03 0.06
Ign. 2.3 2.90 1.88 3.45 5.36
TOTAL 99.38 100.21 99.04 100.57 .98.72
ppm
r - 23 7. 25 30 36
Sr 196 174 255 263 549
Rb 9 5 9 6 6
n 52 46 50 n 32
Cu 24 88 77 54 53 -
Ni 120 205 355 290 520

. Cr 151 . 524 * 244 163 212
® Ba 4 4 nd nd nd

- . CD - - - - A
v - - - - -
Yy )
Wt %
otz . 0.00 0.00 0.00 0.00 " 0.00
or 0.00 0.18 1.39 0.54 0.00
Ab * 21.97 16.07 13.02 - 13.52 .20
An - 42.60 46.56 "53.42 54.67 59.53
Ne - 0.00 0.00 0.00 0.00 0.26
Cor: 0.00 .0.00 0.00 0.00 0.00
(Wo 7.8 9.62 417 - . 5.39 3.29

Di{Cns 5,13 7.04 3.09 4.0 2.73
(Fe- - 1.69° 1.68 0.69 0.85 0.15
uyl Ens 12.90 2.17 5.24 3.84 0.00
Y( Fe 4.24 0.52 1.16 0.81 0.00
a(Fo 1.34 10.29 12.52 11.55 18.98
YlFa . 0.48 2.7 3.06 . 2.69 1.03
Mg 2.24 2.23 2.23 2.2} 2.33
ILm 0.00 0.92 0.00 0.91 0.4

* Hin . 0.00 0.00 0.00 0.00 0.00
Sp 7 0.00 0.00 0.00 0.00 ™00

Ap 0.00 .0.00 » 0.01 0.03 o.tg
TOTAL 100.00 . 99.99 100.00 'loo.oz_ 100.05

Fe.D.

recalculated as 1.57%

for narmative analvenc
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TABLE XX! (Continued)
e
28571 JM289 301A71 I01C71 0 31277 - 312ANn

*n

sio,  45.22  47.69

) 48.15 48.40  47.40 47.70 .
. Ti0,- 0.31 0.17 0.76  0.40 _  0.90 0.79
N M0, 22.20 15.00 16.06 16.10 20.30 20.91
Fe,0, 1.05 1.79 0.84 0.97 .2.00 2.3
Fe0 . 4.10 5.67. 5.51 4.78 4.07 3.98
in0 0.09 0.13 0.12 0.10 0.10 0.10
MgO0 . 8.50 5.00 8.94 8.70 6.80 6.73 °
ca0 13.60 15.40 13.22  13.60 11.80 11.49
Na,0 0.75 1.16 ~ 2.44 2.50 3.20 3.22
K,0 nd . 0.02 0.06 .10 o/ 0.50 0.48
P40 nd _0.21 0.08 n 0.10 0.10
Ign. 4.05 7.30 1.23 2.30 1.90 2.30
TOTAL 99.87 99.54 .  97.41 ' 97.95 99,24  100.11
o .
ppm ' . : i LY
r 25 85 33 37 K I 62
. SF 187 268 185 200 . - 267 183
?  Rb .4 6 5 nd . 5 nd
. In .55 65 . 59 7 .86 70
Cu 105. . 18 14 136 35 57
Ni N2 -63 57 7 90 110
cr : /G 189 m 138 178 203
*  Ba 63 - 65 .35 3% 62 .54
L . - 36 63 53 . 739 a4 4)
3 27 64 59 61 62 64
wt. % . ®
& Otz 0.00 5.2  40.00 0.00 0.00 0.00
or .00 0.13 0,37 * 0.6 3.02 2.9
Ab 6.62  10.61 21.45  .21.62 20.94 23.52
“An - 59,67 38.54 33.97 33.57,  40.37 42.20
Ke &= (.00 0.00 . 0.00 0.16°~" 3.63 . 2.38
Y cor . 0.00 0.00. - 0:00 0.00 0.00 0.00
. (Mo , 4.47 17.77 - 14.08 " 15.16 8.03 6.49
0i( Ens 3.5 9.45 9.86 10.30 5,25 4.40
{Fs : 0.80 7.76 - 3.00 ° 3.68 2.2 1.59
"y Ens 15.56 4.00 2.58 0.00 0.00 0.00
“PYLOFs 3.83 3.28 0.78  0.00. 0.00  0.00
o1 r0 ©2.29 0.00 .7.49 ° 8.51 B.43 8.95
(Fa 0.62 . 0.0C 2.51 . 3,35 '3.92 3.56
Mg 2.27 2.35 .26 2.25 2:22 2.23
ILm . 0.61 0.35 1.50 0.79 1.74 1.54
Hm ‘ 0.00 0.00 0.00 .~ 0.00 _ 0.00 0.00
Sp 0.00 0.00 0.00 0.00 0.00 - 0.00
Ap i 0.00 0.53 0.19 0.00 0.24 0.24
TOTAL 99.99  100.0)  100.00  100.00 - 100.00  100.0}

re203 recalculated as 1.5% for normative analyses

nd ! not detected
- : not determined

-
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ot
1 TAELE, ¥X11 (Continued)
v PUABIY_ POACTY_ 208F7)__ 3MIBTL
5102' 20,67 af.e0 49,39 47.€4
110, 1.3 1.20 1.61 1.36
A0, 16.08 14.60 15.26 15,28
Fe,0, 2.64 3.0 ~ 1.50 2.84
Fe0 6.70 8.0 6.25 6.52
MO 0.16 0.20 0.13 0.14
Mg0 9.00 7.00 .20 8.49
Ca0 11.50 . 10.50 11.50 12.34
a0 - 1.35 1.76 0.93 2.70
K0 0.63  0.22 0.€0 0.20
‘szs 0.10 010  0.10 0.18
H,0 1.70 4.78 4.10 0.68
TOTAL 100.14° 99.00  99.56-.  98.97
ppm !
Ir 62 7 70 a7
Sr 218 223 239 187
Rb 8 8 8 6
n 79 78 L7 59
Cu 39 iy 13° 12
Hi 95 95 121 B8
Co 43 41 40 47
Cr 295 301 212 204
] 57 - 58 .56 64
Ba 63 88 59 - a4
\..
wt. .
Qtz 1,37 0.37 6.28 - 0.00
or 3.78 1.32 3. 1.20
Ab, 11.61°  15.83 8.24 22.34
An 36.54 33.26 37.39-  31.19
He 0.00 0.00.  0.00 0.50
(Ho 8.86 8.95% 9.06 12.£2
{Fns 5.59 4.59 6.06 7.76°
(Fs 2.52 §.13 2.32 4.03
(Ens 17.19 13.94 15,33 0.00
(Fs 7.75 12.57 5.07 - 0.00
Fo 0.00 0.00 0.00 9.66
Fa 0.00 000 0.00,°  5.52
Mg 2.21 2.3 2.28 2.22 .
1m 2.53 2.42 -3.20 2.63
Ap 0.24 0.25 0.24 0.43
" JOTAL 190,01 100,00 90,08 100,00
. N

. . ¢
Fczn3 recalcvlated as 1.5° for porrative analysis. -

nd: not detected ;
- : not deternined . v

. @
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TABLE XXIT

fralyses .of Volcanic Pocks, Cay of lslands Corplex

.

v hvolc Bvu1c Cvolc Dvolc, .Evolc fvolc Gvolc
S\'O2 — 45.97 47.77‘. 49.13 . "49.0]~ 48.65 48.01 . 47.10
. T-io‘é 0.70 1.33 1.36 1.0) 1.50 - 1.00 1.00
MZO3 15,00 13,60 15,00 14.10 13,93 14,68 12.9
‘Fczo3 A70 5.66 5.53 1.90 2.96 2.98 2.’
Fe0 4.61 4.05 3.84 92.10 6.30 . 4.89 4.97
n0 0.51 0.14 0.16 0.30 0.20 0.15 7, 0.15
‘90 6.13 5.55 5.95 8.53 8.78 8.45 8.10
Ca0 12.00 11.27 10.82 8.70 5.60 © 11.13 10.91
tha,0 3.35 2.90 2.81 1,60 4,90 3.00 3.12
K0 0.18 0.12 0.08 0.01 0.10 .0.00 0.00
PZO5 0.10 nd 0.05 0.15 0.20 0.10 0.10
Ign. 5.08 4.95 3.63 2.80 .4.76 3.9 7.80
‘—  TOTAL 98.91 97.34 98.36 100.21 97.88 98.30 98,87
ppn :
ir 108 103 132 140 156 s m
“Sr . 173 168 175 203 216 189 173
Ru 2 -5 n 6 4 1 £
In 87 . 84 89 83 87 79 67
Cu 77 84 93 94 97 87 94
Hi 49 15 58 121 63 4 110
Co - - - N 40 43 36
Cr 109 216 137 123 24 97 151
v . - - - - - o= -
Ba 81 88 89 £l 86 n 123
wt, %
Qtz 0.00 0.00 .23 . 0.00 0.00 0.00 0.00
or 1.15 0.77 0.50 0.06 .64 - 0.00 0.00
Ab 22.47 26.68 25.22 - 32.91 . §4.60 26.94 29.03
An | 27.0 25.81 29.78 18,28 -~ _¥6.91 28.22 23,33
Ne 4.41 . 0.00 0.00 3.83 0.00 0.00 0.00
(Yo 15.52 14.61 11.34 10.46 4,84 - 12.40 14.81
Di(Ens 8.42 7.83 6.36 5.88 . 3.05 8.13° 9.69
(Fs 6.46 6.30 4,52 - 4.16 1.48 3.40 4,09
" { fns 0.00 6.97 9.36 0.00 1.37 4,59 3.78
Y( Fs 0.00 5.61 6.65 0.00 , 0.67 1.92 1.60
0]£Fo 5.67 © . 0.16 0.00 11.17 13.38 6.74 . 6.1
Fa 4.79 0.14 0.00 8.70 7.17 . 2.84
Mg 2.35 2.36 2,3 2.23 2,34 2.3 .2.39
m 1.44 2.75 2.74° . 1,97 *3.06 2.02 2.09
Ap 0.25 0.00 * 0.10 - 0.36 0.50 0.25 0.26 -
i
y T N
- TOTAL 100.36 Q3.99- 100.11 100.52  100.01 100.03 . 100.02
)\ \.—.}) e - .
. Fezo3 recalculated as 1.5 for normative analyscs
) ~ . nd: not detected )

AL

not determined’
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TAPLL XX1H1 {Centinued)

s, a7C Jr6715  JHGTIC  JeAs JHee
50, 49.21 49,00 46,04  48.00 45,50
TH0, 1.3 1o 1.94 1.80 1.80
A0, 15.£1 14.70 14.70 14,70 15.00
Fe,0, - 2.2 2.7 4.9 3.10 4.70
Fe0 7.10 5.9 5.46  '6.10° 5.90
40 0.16 0.13 0.13 0.10 0.10
190 8,53 5,06  5.84 .  5.00 5.90
Ca0 11.14 9.16 11.67 9.20 11.20
Na,0 2.1 5.28  3.38 5,40 3.40
K,0 0.26 0.32 ~ 0.26 0.30 0.30
P0s 0.5 0.3 0.33 0.20 0.20
Ign. 1.30 5.60 5.60 4,30 4.60
TOTAL 799.98  100.25  100.26 98.20°  98.40
'.'\. . .
ppm
r 220 . s 127 209, 183 .
Sr 193 258 181 253", 163
Rb 8 6 .6 10 A2
n- . 90 83 90 83 86
Cu Mo 93 . 93 72 76
Hi 38 36 40 50 . 52
Co 2 40 40 37 36
Cr 109 9 85 162 163
v 69 67 . 66~ 86 86
Ba 73 5 65 196 N0
Wt ¥
Qtz 0.00 0.00 . 0.00  0.00 0.00
© Or 1.56 2.00 1.63 - . 1.89 1.89
© Ab 23.25 37.30 ' 25.11 33.60 24,1
An © 30.63 . 16.36 25.63 15.99  26.45
e 0.00 5.40 2.82 , 8.21 _ 3.58
(W0 - 10.20 12:35-  13.98 13.08 13.14
. Bifens 6.28 °© 7.03 7.55 7.06 6.98
Fs 3.33 4,79 5,95 5.57 5,75
! ENS 6.46 - 0.00 0.00 0.00 0.00
Y Fs . 3.43 . 0,00 0.00 0.00 0.00
o14Fo. 6.17 4.4 5,51 4,36 £.10
Olra . 3.6 3.3 4.79 3.79 5,53
o .21 - 2.30 2.1 . 2.32
Iim 2.52 3.98 3.91 - 3.65°  3.65
Ap *0.35 0.76_ . 0.81. . 0.50 0.50 °

TOTAL  100.00 __ 99.99.  100.00  100.02 100,00 *’

Fe203 recalculated as 1,57 for normative analyéos

nd: not detected ’ .
- ¢ not detemined ' :
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Hostetler et al., 1966; Barnes et al., 1967; Himmelberg and Coleman,
1968;‘Loney gg:gl.; 1971). Another major variation in the chemistry of
the peridotite samples is- the Fezo3 content This largely refjects the
amou?t of magnetite present and this in turn is re]ated to the degree of

serpentinisation. Except in chro
of the primary minerals of the per: ot‘ es.

Ca]cu]ation of C.I.P.W. norms was carried out after adjustments
for hydration and oxidation (Fe203 recalculated as 1.5 wt. %).

The analyses have been. compared on a num%Fr of standard var1at10n

’
diagrams.

i) Linear variation diagrams (F1gs VIK VIL)

" A1 major element oxides and trace e]ements have~been p]otted

against Mg0, and a number have been plotted aga1ns e value FeO*/MgO

(where Fe0O* = tofgﬁ iron as Fe0), which acts as“a simple differentiat%on

index (Miyashiro, 1973; Miyashiro and Shido, 1975). - . . b

The trends of A1203 and Ca0 are chardcteristic. Bpth increase
from the dunites and tectpeite peridotites and reach-a maximum in the
pyroxenites'qnd lower gabbros where pTagioc]ase'and cliﬁopyroxene crystal-
lisation depletes the magma/\_ There is then a sharp decrease to a minimgm
‘%n the most differentiated lavas. - : F

- Ttal iron, Fe2+ and Fe3+, are generally quite 10w in the 1owecﬁ
.gabbros, but increase 1n the higher gabbros “dikes and pillow 1avas fﬁe
h{gh va]ﬁe of iron in the dunites an tectonite per1dot1tes represents |
-their conZentrat1ons of olivine and o thopyroxene and spinel phases.
T1tan1um\tontent increases 51mu1taneous1y with total iron, but shows no
marked concentration -in the peridotites. The titanium content therefore

»
g
>

spingys, Fe203 is not a maJor component

Q



“Figure VIk: Major elenent oxides vs. Mg0
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Figure VIT" Trace elements {ppm) vs. Mg0 (wt %).

Symbols as VIk.
/ ,
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reflects its concentration in opaque oxides which crysta11lsed in the
late 11qu1ds resulting }!BFhemr high normat1ve ilmenite contents This
crystallisation of opaqués poss1b1y caused the increase in s111ca in the
late ]1qu1ds. Alkalies and phosphorous are typically concentrated in the
late liquids, potassium mdiked]y so in the dikes. Magnesium decreases
hapidly from the peridotites and dunites and fhen more gradually from the
gabbros, where the depletion is sympaphétic with the increase in total- iron
in the more differentiated rocks.

The most noticeab]g trends in trace elemeht contents are those of
Zr, Cr and Ni. Zr ighconcentrated in the later dikes and.pi11ow 1ayas, -\
fef]ecting a possible substitution for Ti ih i}méhite. The major chrome
beoring phase in the ultramafic cumulates is chromite, but Cn3+ is also
known to substitute for Fe3? in pyroxenes (Tay1o;, 1965). Thus there is a
oep]etion of the magma in chromium during early'stages of fractionation.
Ni substitutes in_o]ivines‘and is thus concentrated in the dunites ano
gradually depleted in the later dikes and pillow lavas. Zinc, substituting
for iron follows the trend of the latter ciose]y. &t'is known to substitute
for Fe3+ in magnetite (Wager and Brown, 1968). Ba and Sr both relatively
freely substitute for Ca and are thus found in highest concentrations in the
plagioclase bearing rocks. ~ |

Plotted against FeO*/Mgd; Cr, FeO*,'Tibz, Cad and A1203 are used
to indicate the effegtive crystallisation sequence 1h the cumulate rocks
and'1ate 1iqoids (Fig;,yIm). These diagroms c1ear1¥ shoﬁ the effeéts of
orystallisation of 1) olivine, 2) plagioclase and cfﬁnopyroxene,'B) opaques,
in that order. : ' I

~ot

-
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Elements and oxides vs. FeQ*/Mg0.
Fe0* = Tot. Fe as Fe0.

Symbols as VIk.
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ji) FMA and CNK diagrams

Iq figure VIn the Bay of Islands Complex rocks are compared

with standard differentiation trends of Skaeréaard and Hawaii, and trends

exhibited by the recognised ophio]ite;suites of Papua and Oman. A1l the

ophiolites plot along a similar trend of iron enrichment typical of

tholeiitic suites (see alsa Norman and §£rong, 1975), and are comparable
-\‘with the general trend suggested by_Thayer (1967) for alpine peridotites.

The spread of the gabbrqic rocks apparently indicating their enrichment

in alkalis might.be explained by their various concentration of cumulate

b1agioc1$sé. However, more likely it is an appareﬁt_effect resulting from

the decrease in iron in the lower gabbros which is visible on the Tinear

variation plots, and whi€h gives the impression of an overall enrichment

in,alkélis; Similar featufesiﬁave been noted by Norman and Strong (1975)

for ophio]itic rocks of Ming;s Bight, Newfoundland. The enrichment of some

basalts in alkalis is possfbly-attributaé]e, fo a certain*degree, to alterétion.

The qgg}tz-djorites are'appafently crystal]ised'from the final residual liquid

of the fractionation series. , o | !

- )
The F.M.A. diagram clearly indicates that the pillow lavas are

crystallised from a magma that has already uﬁdergone fractionation, and are -
not representative of a primary melt.

»
e

.;,~} The C.N.K. diagram (figure VIo) shows én increase of sodium.
. pbssib1y reflecting b]agiociase composition during differentjation, but
possibly also degrees of a]teration,\especially soda-metasomatism in the

basalts. The potash contents are low and typical of oceanjc tholeiites as

described by Engel et al.(1965)."
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Figure VIn: F.M.A. Plot
. Key: ~ @ Ultramafic rocks (mainly dunites)
A Critical Zone rocks
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| Dikes

. Piﬁow’lavas
O Quartz diorite
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Figure VIo: C.N.K. Plot

Key:+o UItEamafic Rocks
w Critical Zone Rocks
O Gabbros
X Dikes,
e Pillow Lavas
4 Quartz diorite
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iii) Cr,0, vs NiQ wt. % (Figure VIp)

Irvine and Findlay (;972) used Cr203 and NiQ re1ationship§ to
separate alpine type peridotites and cumulate rock associations. They -
suggested a similarity between alpine peridotites and the tectonic
hafzburgites and Therzolites of the Bay of Islands Complex and attributed
t0>2hem a mantle origin. They distinguished'rocks of the critical zone
and gébbro zone from the tectonites with the sﬁggestion that their
similarity té layered fntrusions indicated that they crystallised under .
relatively Tow-pressures in the crust. The present study supplements
this view in.that rocks from the dunite zone, below the crit{cal zone,
and not specifically identified by Irvine and Findlay may aiso be considered
of the same ofigjn. These rocks are cTear]y cumuiate (p. 228) and must
therefore be considered as part of a low presﬁure fractionat{on sgries

which includes the critical zone, gabbros, diabases andJ?&f%lts,,and which

is distinct from the ultramafic tectonites which it oveflies (Malpas, 1973)..

iv) K/Rb and Rb/Sr ratios (Figures Vlg and VIr)' -

The sensitivity of the methods used for analysirg for Sr and Rb
do not allow for achrate determinations of K/Rb and Bb/Sr ratios in thé"
ultramafic rocks.. However, values determined %br the mafic rocks may be
compared with values previously réported'in the Titerature (Engelegﬁ al.,
1865; Hurley, 1967; Murthy and Steueber, 1967).
| In low potassium oceanic tholeiites the k/Rb ratios reach up to
approximatgjy 1900, while lower values { < 500)téré more characteristic

of alkaline basalts. - This re]ationsﬁip has been interpreted by Gast (1965)

to be in accord with the behaviour of K and Rb in the crysta]iisation of



e
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Figures VIq and VIr: K/Rb and Rb/Sr ratios.
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. basalts and requires that oceanic tholeiites are total melts of upper
mantle material according to Engel et al. (1965). The K/ﬁb ratios in
mantle-derived ultramafic roéks range from 200-500. Thus generally their
K/Rb ratioé are not as high as those found in oceanic tholeiites (St. Paul's
Rocks, Equatorial Atlantic, prove.exceptions: K/Rb 400 to 1090). K/Rb
ratios aré plotted against Mg0 content for the ophio]it;L rocks of the

- Bay of Islands Complex to show variations of the ratio wjth differentiation.
The K/Rb ratio in the ultramafic rocks is low and comparable to values from.
alpine peridotites.' The ratio is very simiVar throdgﬁout the gabbros,
dfabases and basalts except for one high value of }600 in the diabases.

" These values fit those expected of a more differentiated series rather than
the high Qalues of 2 more primitive (1ess differentiated) series and are
in accord with the average range for alkali basaits.

The range of Rb/Sr values in the_gabbfﬁs, diabases‘and basalts

is from approximately 0.01 to 0.05 and is thus a little high compared with
values from:fresh oceanie abyssal basalts, and again is.more éomparab1e'

- to alkali basé]ts. .The RB/Sr value increases'rapidly‘with the crysta]lisatioﬁ:>
of calcium bearing phases such as p1agioc1a;e and diopside whicﬁ preferentiaily
incorporate Sr' The cumulate p]ag1oclase enriched gabbros, and fe1dsparphyr1c

dikes have. 1owest Rb/Sr values amongst the d1fferent1ated series.

v) Total alkalis vs. SiO (Figure VIs)

The total alkalis versus s111ca‘a1§gram shows that aithough the
- maJor1ty of.the rocks from the oph1011te su1te can be cons1dered ‘tholeiitic,
a.number are'transitiona]aor definjte]y alkaline in their present chemistry.
There are two possible reasons for.this alkaline affinity. Fifst]y, the

rocks are altered and the increased alkalinity is due ;&:ﬂﬂgrily to soda-

/

v



- 324 -

Figure VIs: Plot of {Na,0 + K,0) vs. Si0, wt %
. 2 2
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+ Cumulate Gabbros %+ CZ rocks




an31d4 31113T0HL

Q34

1INV

-

% I oz>i+oz§N




- 325 -

.+

metasomatism during 1ow;§rade metamorphism. It is notable that in this
regard the two samples which plot furthest into the alkaline field are
c]ear?y metasomatised pil]ow;selvages. However, the cores of these

pillows are themselves transitional in composition. The second alternative
is that the rocks form a series that was primari]y‘transitiona1 in nature
and which is comparable to rocks described by Aumento (1968) froT'Confederatipn
Peak and Muir and Tilley (1964) froﬁ Discovery Tablemount, both in the mid-

Atlantic. The importance of each of these alternatives must be considered

r

after further evidence cited below.

vi) ‘Basalt tetrahedron

>
The cumu1ate rocks, diabases and vo]can1cs from the Bay of Is]ands

Complex have been plotted as projections within the s1mpTe normative basa]t

tetrahedron of Yoder and Tilley (1962) in figure VIt. _Projections are

given from the four corners’ of the tetrahedrbn.and onelatmosphere dry

cotectics of the synthetic system Fo-Df-Ag—Qtz and the natural gystem

0livine-Cpx-Plag-Qtz shown. The differences in posifioning ére caused

principally by the presence of Na and Fe in the natural systems which have

the effect of expanding the pr1mary phase volumes of the ferromagnes1ans

against that of p]ag1oc1ase. The natura] cotectics are obtained from Clarke
(1976) and based upon experimental work by Tilley et al. (1963, 1964, 1965,

1967). | ,

In the olivine projection a considerable spread of points from

the dunite zone is a résult,of their close proximity to the projecting phase '
such that a small variation in tﬁeir composition is reflected as‘a large

‘ spread after projection. Relative to the nafura] system cotecfic in the

olivine projection, plagioclase ahpears to be the second phase to crystallise
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Figure VIt: Projections within the Basalt Tetrahedron
(Yoder and Tilley, 1962).

a) From Forsterite
b) From Plagioclase
cg From Diopside
From Quartz/Nepheline
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+ . followed by c]inopy%oxene:

In the plagioclase projection there is a large spread in the
gabbros because of their cumulate plagioclase enrichment. The distribution
of ana]yses'in this projection suggests_that'the field of c]inopyrpxené
constructed by Clarke (1970) may be a 1ittle.too large.

‘ An olivine control line is suggestgd in the diopside’L%ojecEij,
with the basalts falling between the natural and syntﬁetic system plagioclase-
b]ivine cotectic. The gabbros are clearly enriched in cumulate plagioclase.
Si;ce all points plot at a disfqnce from quartz of nepheline in these
projections, a projecfion from quarfz/nephe]ine is of some use in indicating
Tiquid lines of descent. Such a projection ciear]y shows the in}tia1 olivine
control and the crystallisation sequence, i.e. 1) olivine, 2) olivine +
plagioclase, 3) olivine +'p1agioc1asé~I c]inopyroxgg;. This sequence is
exactly that observed in the field and is upheld by textural evidence in
the gabbros where olivine is found inciuded in p]agiociase and clinopyroxene
is generally intercumulate. The basalts clearly plot around the low pressure
natural system eutectic, and the dikes along the plagioclase-olivine cotectic
in this projection. .

A1l projections.within the basalt tetrahedron indicate a spread'
of compositions across the critical plane of silica undersaturation. The
sp}ead observed is difficult to relate entirely to a1teration,'the effecfs
of varying Fe203/Fe0 ratio'having been reduced for these plots by norﬁalising'_
the ratio of 0.25 for all rocks. The projections therefore substantiate
othér plots (Rb/Sr, K/Rb, alkalis vs. Si02) in suggesting that the suite -

is transitional in nature.
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vii) Rare Earth Elements ..
8 I

Determinations of rare earth elements (R.E.E.) and yttrium

were carried out on an AEI MS7 spark-source mass spectrometer. Analytical
details are given in Appendix III. The analyses were substantiated by
measurements carrieq out by F. A. Frey using instrumental neutron
activation. Results are shown .diagrammatically in figure VIu where the
rare earth abundances have been normalised against chondritic abundances
and plotted against atomic weight. The foflowidglpoints are noteworthy:

a) There is a marked similarity of the‘R.ELE. abundances of
the pillow lavas with mid-Atlantic Ridge basalts (data from Frey et al.,
1968). They show a slight depletion of the light rare._earths (.§VI1 times
chondritic L.R.E.E.) with respect to chondritic 'R.E.E. éBundances. Oce&nic,
alkaline basalts 'usually show a preferential enrichment in L.R.E.E. (Frey,
. 1970; Gréham and Nicholls, 1969). ' |

b) There is generally a lower R.E.E. abundance and stronger
L.R.E.E. dep]et&on observed in the diabases compared with the pillow lavas.
This would indicate that the lavas are s]ightly\more fractionated than the-
diabases, which agrees with the results of major element chemistry.

c) The gabbros are relatively poor in R.E.E. However, definite
Eu enrichment anomalies are observed {ndicating a strong accumulation of
plagioclase. This agrees with the conclusion from textural evidence that
" the gabbros are plagioclase cumulgtes and suggests that their crystallisation
took place under conditions of low oxygen fugacity (0O'Hara et al., 1975).
Comparison of patterns from oceanic gabbros show that these are also
plagioclase cumulates (Fig. VIu). Eu anomalies are small in the lavas and

diabases.
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Rare Earth Element abundances.
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d) The dunite 195 shows strong enrichment in H.R.E.E., bﬁt.the
overall pattern is V-shaped and charécteristic of o11vine.(Frej,’T970); 
.The enrighment'in H.R.EuE. fs due to the presence of 61inopyroxene in the
dunites,,£his phase preferentia11y incorporating the heavier a£0mic wéights..
e) The harzburgite R.E.E. pattern is typical of residual peridotites
after the removal of a tho]eiiti;/g;rf?a] melt (Frey g;_glé, 1971; Frey-

" and Green,’1974) showing a stron dep]epfbn of L.R.E.E. with respect to
chondritié abundances. The Tow R.E.E: abundances are typical of rocks .
containing olivine and drthopyroxene and patterns are comparable with the
Lizard residual peridotite (Frey, 1970). It is notable that, if the dunite

(195) rep}esents an early crystallisation product of thé melt derived by
partialfme]ting leaving the harzburgite as residue, then a simi]arity.in
thEi; R.E;E. patterns mighﬁ be éxpected if the melt was derived.under
equilibrium conditions. From the‘data"é!ajlablg,_this'séems to be the case.

f) The variabiiity of R.E.E. patterns forjlherzo1itic rockgihai
been pointed.outzby;Phil]popps.gg_gl. (1972), and Frey an&.Green (1§74).

. The two 1herzoiites'aha1ysgd here are similarly diverse, with V}4 showing
a steady although slight“éﬁrichment in heavy rare earths, indicating that

it is probably partly dep]etedoiﬁPtholeiigic melt. W3y on. the other hand,
shows an enrichment in fight rafe earths which may not'be relatedlto the
process of partial melting as reflected in the re5u1tan; tholeiitic mégma
but éan be explained-as the process described by-Freynqﬁd Green (1974)
where Therzolites represent a mix of two geochemically distinct components.
Componient K is %mportant in ﬁerms of major e]ements,-and_abbndances 6f
compatible trace elements (including H.R.E.E.). It has the characteristics ~

of a residium after basalt extraction from a pefidotitic parent. Component B,

L
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dom;nant injV]B,_is-{ﬁﬁdrtant if.-terms of minor and-incompatible frace
elements (inciuding L.R.E.E}) and has the characteristics of a highly
-,ffactionated melt phase suchﬂés.baéénite, olivine nephé1enite, olivine
Tleucitite 6? other highly sijﬁca-undersgturated_magméé.

'The fﬁo divergent patterns at 1ea§t 1ﬁdicéte tpe inhomogeneiity

of thei]herzolffééfwithin even a small volume.

viii) Strontium isotopes. Sr87/86.ratio§f'

Isotbpe ana]yses of $trontium fﬁom'five Bay of Islands Complex
gabbros have been made for the wr1ter by R Corm1er (St Francis Xavier
University) and the result&’presented in table. XXIV a]ong with representat1ve
ana]yses from other basaltic suites; continental tholeiites, oceanic a15a11
basalts and oceanic abyséa]itho1eiités . Within the limits of errors
associated w1th the ana]yses, the Bay of Islands rocks are clearly of
mantle der1vat1on and oceanic aff1n1t1es However they cannot be eas11y
d1st1ngu1shed as either alkaline (av 0. 7033) or tholeiitic oceanic basalts -

ﬁav. 0.7024).

C. .Affinities of Mafic Suite with Qceanic Rocks.

Nj]]iams and Malpas (19721 pointed out the généra] similarities
in chemistry of pillow bésa1ts from the Bay of Islands Complex and oceanic
fho]eiites as exemplified by an‘éverage composition from Engel et al. (1965)
and Wfon  etal.  (1968). This similarity is upheld by the plots
of oxides vs. Fe(O*/Mg0 after Miyashiro and Shido (1975) where the mafic
. rocks from the Bay of Islands Comp]éx fall into'thé abyssal tholeijite

fields (figure VIl). The oceanic tholeiites used to define these fields

are/from Engel et al. (1965), Melson and Thompson (1971), Thompson et al.



- 332 -
TABLE XXIV'

87
r

5,87 86 .

/ Isotope Data .

1. Continentg] tholeiites 2. Oceanic alkali-basalts
: . q\, .

0.7057 Karroo tholeiites
0.7115 Tasmanian dolerites
0.7112 Antarctic doterites
0.7113 E. North American diabase
0.7060 Nuanetsi-

0.7065 Skaergaard marginal gabbro

.7043 Reunion, I
.7030 Easter I,
.7031 St. Helena
.7025 Ascension
.7039 Hawaii

OO O o O o

N
3.. Abyssal oceanic tholeiites 4. Bay of Islands Gabbros
0.7026 . 0.7021 M 198 0.7028 + 0.0011
~ Engel et al. (1965) ~ JM 2000 0.7040 + 0.0013
- . Hedge and Peterman (1970) _ JM 203 0.7030 + 0.0013

M 205  0.7041 + 0.0011 — "
JM 207 0.7040 + 0.0012 - '

Average 0.7036 + .0012

Data from Carmichael et al., (1974).

o

N Error given in Bay,ofiislands éha1yses is one standard‘deviation
.~ of the norm. Values have been normalised to 0.1194 for the ratio 87/86
in normal strontium. :
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(1972), Kay et al.-(1970), Aumento (1968) and Campsie et al.(1973).

R.E.E. data suggest a close affinity between the two analysed basalts

and mid—At]éntic ridge tholeiites. However, an examination of their major‘
element chemistry indicates that these samples are not representative of
the whole mafic suite. Neither, for example, are nepheline normative.

When plotted on the diagrams of Pearce and Cann (1973) as in
fiqure VIv, it is clear that no definite affinities are suggested. In the
Ti-Zr plot, which Pea}ce and Cann suggest be used for rocks that have
undergqne mild metamorphism; the basaltic rocks plot in a field encompassing
both oceanic‘tho]eiites and caTﬁ-a]ka]ine basalts. The same is true in
the triangular b]ot Ti/100 - Zr - Sr/2, although the effects of albitisation
and greenschist facies metamorphism on strontﬁﬁm distribution is questionable,
.ana.thé plot is not advised for altered rocks.

. The total a1kafis—silica plot, p(oject??ns within the basalt
tetrahedron, strontium isotope values and bulk-rock K20 contént indicate
that not all rocks in the mafic suite can be consiéergd truly tholeiitic.

A number of racks are q]Farly nepheline normative and-others are tfansitiona]
between o]iviﬁé tholeiites and alkaline rocks. The bulk rock alkali contént

is generally higher i; the basaltic rocks than expected for abyssai tholeiites,
and this may not be due simply to a{teration since, er example, R.E.E. data
aoes not show the marked en?ichment in L.R.E.E. usually corre]atabTe'=Eth
alteration. | ' }

There is thus a distinct possibility that the Bay of Islands suite
is in fact a transitional series from';holeiitic to mildly alkaline. It
{s no£, in this case, dirgct]y correlatable with typical 6ceanic abyssal

tholeiites. SUch-trénsitional suites have been collected from the mid-Atlantic
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Figure VIv: (a) Ti vs. Zr {Pearce and Cann, 1973)
. {b) Ti/1g0 - 2Zr - Sr/2

“Key: @® Dikes and volcanics
‘ % Gabbros + CZ rocks
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L

ridge crest by Aumento (1968) from'Confederation Peak and Muir and Tilley
(1964) at 45°50'N. A number of basalts in these collections are similar

to some Bay of Islands Complex basalts in their high alkali content (for
abyssal basalts) and their nepheline normative (or transitgé%al) chemistrys
On a recent cruise to the M.A.R. at 26°N and 11°K, the writer collected
basalt samples from the central rift valley that aéﬁear mildly alkaline in
nature. In the 1ight of the‘above_facts, some doubt is cast on the
proposed constancy of composition of oceanic tholeiites as first pfoposed

by Engel et al.(1965).

D.- Conclusions.

The mineral and bulk rock chemistry support the following
conclusions. .

Nickel/chromium ratios, Fo contents of olivine, spinel compositions
and petrographic evidence all suggest different origins for the tectom‘tew
peridotite and cumulate mafic series. Such arguments are supported by the
work of Irvine and Findlay (1972). The cumulate mafic series, diabases and
~ pillow-lavas are genetically related. These rocks are the result of
fractionation, presumably at low pressure, of olivine, clinopyroxene and
plagioclase from a Tow-Ti and -K picriﬁic magma derived frbm a mantle
source. The pillow lavas afé part of this fractionation series and not
Erysta]]isation products of a primary magma. There is a sysfematic pattern
of coﬁpositiona] variation from basalts, through diabases and gabbros in
present oceanic. tholeiitic suites, suggesting that modern abyssal tholeiites
likewise cannot be considered upfractiohated primary magmas, but rather
crystalline products of a fractionated magma at 1ow-pres§ure gptectics

-
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(O'Haré, 1963; Norman and Strong, 1975). The.gabbros are clearly not

melts but cumulates formed from the low-pressure crystallisation sequence

a) olivine, b) olivine and plagioclase, c) olivine and plagioclase and

clinopyroxene. Thjs is supported by textural evidence. The dikes and

pillow 1avés afélliquid pompbsitions themseives indicating a differentiation

trend. A]th0ugh the su{te is generally tholeiitic in composition there are
strong suggestions that it is transitional to mildly alkaline in parts. -

;fhis is sugPorted by petrographic analyses which indicate the absence of
orthopyroxeng in most of the fractionatibn series.

' The high proportion of harzburgite to overlying cumulates does
not support any hypotheéis that.these peridotites formed by cumulate
processes from a basaltic magma. The low préssure anhydrous (<5kb)
reaction relationship between olivine and orthopyroxene, which persists
to higher pressures even under low water cogtents (Kushiro et al., 1968)
prevents the simultaneous crystallisation of olivine and orthopyroxene in
constant proportions‘as observed in the harzburgite. The harzburgites
exhibit very little cryptic‘minera]ogica1 or bulk chemical variation as
might be expected in cumulate systems and what is observed can be attributed
to interstitial liquid re-equilibrating with the harzburgite (Irvine and
Findlay, 1972).  The harzburgites consist of an assemblage of highly
refractory chemistry with bulk Mg/Mg+Fe ratios of 0.94, alkali content €ngr
Ca0 and A1203 generally less than 1% and low Ti and P. Finally field
evidence fevea]s differences in textures. and structures, the harzburgites
being distinctly tectonites whilst ithe overlying cumulates are relatively
free of deformation structures. Temperatures and pressures of equilibration

of the present mineralogy of the tectonites appear to be of the order of

1000°C and 18-20 kb.
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The harzburgites are therefore thought to represent.depleted,
upper mantle produced by the partial melting Qf aluminous upper mantle
peridotite and subsequent removal of the basaltic liquid (Hamilton and
Mountjoy, 1965; Himmelberg and Loney, 1973; Menzies and Allen, 1974).

_The. further extraction of much basaltic liquid would seem impossible from

Fhé Tow ébundance of elements that are liquid accumulative, and from the
highly magnesian nature of the harzburgite mineral phéses. ~Spinel 1herzo]ite
‘rocks may be modified mantle material which retain evidence of incomplete
extraction processes in the fofﬁ of'c1inopyroxene and spinel, or primary
mantle compositions showing little or no partial méitiné.

The spinel lherzolites are compared-in composition with estimated
compositions of the upper mantle, both synthetid and natural, in table
XXV. If the px(gljte model of Ringwood (1966) is compared it is obvious
that the lherzolites are lower in contents of Na and P and possibly K and
Ti. Although Green's (1970) multistage bartial melt model for the origin

. of ocean-ridge basalts, involving the extraction of both pebhe]ine normative
melts and tholeiitic melts hd;‘been called upon to explain such depletions,
Tt can be argued that the py%o%ite composi;)on is generally inaccurate as ~
an estimated upper mantle composition. * Fof example, bulk Fe/Mg ratios for
the pyrolite;gre inconsistent with those of the tholeiitic magmas that are
supposedly pfoduced by thefr partial melting. tﬂfgo to produce an olivine: - |,
tholeiite composition with 1-1.5% weight Na20 would require melting of
50%, an amount too high to be plausible.

Alternative models of mantle composition compare more favourably
with spinel-lherzolite compositions although generalf§qZhe Fe/Mg ratio of

the Therzolites is a 1ittle higher than in other naturally occurring

L



- 338 -
. Table XXV

Estimations of Upper Mantle Primary Composition.

(93]
O
. .

<
wt? o

si0, 48.09  43.24 4.5 442 43.95 451 44
Mg0 31.15 ~ 38.10  41.7 41.3 39.00 36.7 -
FeO - 1271 9.25  .7.3 7.3 7.50 7.9 6
Fe,0¢ - - 1.5 1.1, 0.75 2.0 1
M50, 3.02 3.90 2.55 2.7 3.88 4.1 3
Ca0 2.32 3.72 2.25 2.4 2.60 2.3 2
Na,0 o 1.13 1.78 . 0.25°  0.25 0.60 0.6 0
K,0 0.13 - 0.015  0.015 Q22  0.0(2) 0
Cr,0, 0.5 - - 0.30 0.41 0.3 0
NiQ - - - . .20 0.39 0.2 0
MnO Q.43 - 0.14 0.1 0.3 0.2 0
P,0c 0.34. - - - - 0.1 0
Ti0, 0.13 - 0.15 0.1 0.57 0.5 0
TOTAL 100.00 ° 100.00 100.36 100.02° 100.00 100.00 100.
1. Mason (1966) .

2. Ringwood (1966)

3. White (1967).

4. Harris et al (1967)

5. Green and Ringwood {1967)

6. Nicholls (1967) ’

7. Lherzolite average, this work.

¢
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lTherzolites (Ito gnd Kennedy, 1967). The éhemica] heterogeneity of

the spinel Therzolites may be produced by modal fluctuations of ﬁhe
magmatic segregation material, some being depleted, and others indicating
that they are enriched by trapped segregated liquid, with high contents
of alkalis and alumina. i

The bulk of the dunitic rocks in the Bﬁflof Islands Complex lie
above the harzburgites. Dunite veins and dikes within the harzburgites
generally have sharp contacts Qith the host rpck, and ére believed to be
the result of crystallisation of olivine and chromite from liquids trapped
in the harzburgite during its convective ascent, probéb]y below a spreading
ridge axis. There is no evidence for residual 100% or 90% olivine dunites
which would be expected.to have a much higher~Cr, Ni and lower Ti, Fe and
Mn conteni than refractory harzbhrgites (Burns, 1973). A cumulate origin
can be similarly arqued for the main Junite zone, suggesting that it forms
the basal portion of the fractionated stratiform series, andvfhis is
especially eQident where it contains euhedral cherite accumulations strung
out pargl]e] to the contact with the harzburgites.

The significance ofvthe contact between the harzburgite and
overlying duﬁite is that it must reﬁresent the junction betwéen rocks of
mantle origin and rocks whicl formed under crustal conditions in re]atiQe]y
‘high-level stratiform 1ntrus%@ns, Ervine and Fihd]ay (1972) have suggested
a similar model but did not'recognise the cumulate dunite zone. Thé
Horizon has been called the 'petrological Moho', or the genetié discoﬁtinuity
between crust and mantle (Malpas, 1973). Such a discontinuity was suggestgg
by the models of Greenbaum (1972) for the Troodos Complex, Cyprus. The

Critical Zone, higher in the succession, represents the moho as defined"
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geophysfcal]y, sincé it is here that major depsity changes take place

in the lithologies. There is some indication that the petrological moho
may also be dgfined seismica]lyﬁsince weak discontinuities have been noted
below the present‘oceanicvmoha to depths of about 600 metres (M. J. Keen,

-

R. Moberly; pers. comms., 1972).

E. Petrogenesis.

e i) C.M.A.S. projections
: One atmosphere phase relation canigenera]]y be shown adequate]y~
in the normative basalt tetrahedron. However, since its usefulness is |
" restricted to portrayal of-processes acting near the surface, pﬁase
relationships at mantle pressures, which determjne the 65ﬁpositions of
partial melts produced at depth, are more usefully shown in the system
CaO¥MgO-A1203-SiO2 (C.M.A.S.). The projection rules for this tetrahedron
.arelgivep‘by O'HQC? (1968, pp. 86-87). Figure VIw shows the positions of
- the three planesngf projectionfused in the following discussion. '
The deveQPpment of a hybothetica1 control plane for advanced
partial melting is shown in figure VIx. Sodurce rock 1 at the beginning of
he]ting produces the 1liquid composi%ion E at the quaternary eutecfic. The =
liquid will remain at this composition with increased me]tin%'untiT.the
P]uminous phase has beeh compietely he]ted.x'SubseQUently the Iiduid will ;-
hﬁgrate along path EA until all the clinopyroxene is melted dnd then along
r'COﬂtrol plane A-1-Ens as the 1iquid becomes progressjVe]y richer inJ}he
ehsﬁatite molecule., Liquids produced at any stage glongzihe controi\ﬁ]ane

S\

between A and the original source rock composition, 1, will leave a residue

a Ld

of olivine and enstatite. The control plane therefore effectively includes

the original source rock composition pluslthe residual harzburgite composition

.
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Figure VIy: _C.M.A.S. Projections

- a) From Qlivine
b) From Enstatite
c) From Diopside

Key: ® Harzburgites
x Lherzolites
ADunites + CZ rocks
0 Gabbros
+ Dikes
m Yolcanics




Enstatite.
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at advanced melting.

The olivine-orthopyroxene control p]a%e during partial melting
of spinel lherzolite compositions is indicated on‘a11 projections in
fiqure VIy, but is especially evident on’Ehe enstatite and o]i{ine
projections. It is Qrawn through the lherzolite avefage\composition and
‘residual harzburgite'averade composition and is contrgaled by the so[id.
solution compositions of oiivine ana enstatite. (The scatter of some
‘harzburgite compositions in.de olivine projection is a result of the
projection method.) The composition‘of the final 1{quid produced during
partial melting of the spinel lherzolite must also lie on these control
1ines; and since some small amount of clinopyroxene remains in the harz-
burgites, muéi also be on the olivine, orthopyroxene, clinopyroxene
cotectic, i.e. Point A, at 18-20 kb. This pressure is chosen since it is
the pressure at which the harzburgite mineralogy equilibrated during final
stages of partial melting. If contiqued'me1ting had taken p1§ce at any
lower pressure, then presumably the harzburgite would regﬁster 1ower
equilibrium pressures. The primary melt, i.e. épmposition A, has komatiitic
affinities (Cawthorn and Strong, 1375).

Basalt compositions pfoject c]bse to low-pressure plagioclase-
c¢linopyroxene cotectics. The spread of points in the olivine and enstatite
projections is mainly resultant from the projection method. This can be
seen by comparison with the diopsfhe projection where basalts. cluster
around 1-5 kb plagioclase-clinopyroxene-olivine cotectics i?:é.re1at$ve1y
restricted field. fome dikes, all gabbros and the éumu]ate rocks plot -

away from the cotectics indicating cumulate enrichment in plagioclase and/or

olivine, but dominantly along low-pressure control planes defined by these
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,,Figure‘VE;:c '01iyine projection onto p1aﬁe CS-MS-A
" , ~to show liquid Tines of descent for primary
melt A. : ‘
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minerals. No rocks appear .to have crystallised at the low-pressure
‘eutectic in agreenfent with the absence of orthopyroxene ‘in the basalts.
The basalt compositions straddie the low-pressure thermal divide between
alkaline and olivine-tholeiite fields indicating the transitional nature
of the series. .

The convective rise of mantle material into pressure regimes
of less than 20 kb caused crystalfisafion of the melt that had been
produced at greater pressures. This convective rise can be viewed as a
diapiric upwé]Ping bf a,so]id/]iquia mixture. The nature of the crystallisation’
depended upon the rate of uprise of the diapif, thence the rate of pressure
reductidﬂl’and the rate of crystallisation of the 1iqu}d. With reduction

in pressure the cotectics move as indicated in the projections. If

reduction in pressure took place slowly, a]iowing the rate of crysta]]isation.
to maintain a liquid path along the o]iyine-clinopyroxene—orthopyroxehe
cotectic, then between pressures of 18720 kb and 15 kb, the liquid path
would be along a 1ine such as A-B-C (fiéure V1z) such that an iﬁitia]ly
tholeiitic 1iquid (primary melt A) wéuld become evéntua]]y alkaline as it
crossed the Tow pressure thermal divide. Such would be the case if
contiﬁued fractionation took place‘aloné this cotectic at any pressures
between 20 aﬁd 10.kb (figure VIz). It is estima£§& from the“projections
that 25% crysta]]isation of melt A at such pressures would cause the
transition into the alkali field. Below 10 kb continued fractionation -
would give a residual liquid once more in the tholeiitic field.

If pressure reduction took place relatively quick1y,f§d€ﬁ that.
cotectic crystal]isation was not maintained, then 011vine~q]oﬁg on]p
crystallise out inifia]ly. The .olivine would be jéinéd by orthOpygéxene

if the olivine-Srthopyrgxene cotectic was intersected (figure VIy). .
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Co-crystallisation of olivine and orthopyroxene would be possfb]e down

to pressﬁres of 15 kb (i.e. path A —» B, figure VIz) when movement of

the cotectic to lower pressure positions would leave liquid B in the
o]iyine;clinopyroiEne field. Orthopyroxene would then be replaced by
c]inopyro;ene in the crystallisation sequence causing liquid composition
to move from B towards D (figure Viz). At‘any'stage during such a
crystallisation sequence, fhe’residual 1iq&¢é is tholeiitic in composition.

At 1oﬁ%r pressures, clinopyroxene and olivine would be joined

by plagioclase as fract1onat1ng phases (e.g9. position D 'figure Viz)

and the sequence as exp1a1ned in the one atmosphere basalt tetrahedron

derlved.

Clearly, if cotectic crystallisation had taken place during

sTow ascent of the diapir, then orthopyroxene would disappear as a

crystallising phase when ghe path of the eutectic "E-'E-E passed across
the path of liquid descent and iptersection of the clinopyroxene-plagioclase
cotectic was _possible. ~ "

Any combination of these crystallisation paths can occur
0-4 ’

~according to the changing rate of pressUre reduction, or crystallisation

rate; e.g. a period of cotectic crystallisation might be followed by an

increase in rate of upward movement of the diapir causing the crysta111sat10n

"of only one phase or vice versa.

The various proportions of the three phases, olivine, orthopyroxene, .

clinopyroxene, that are obﬁ§1ned by crystallisation under po]ybar1c high= "~

'pressure cond1t1ons explains the various modal proport1ons of these minerals

comprising the veins in the tecton1tes. These veins represent early

fractionation products of the primary 'melt as it crystallises at pressures

Sed .
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below 20 kb. Dunite veins represent'non-cotéctic crystallisation of
_olivine; ensta]o]iﬁé, crystallisation of orthopyroxene and olivine along
a line sucﬁ as A-B in figure VIz; and pyroxenité‘veins (e.g. Sample En-V,

table XIX), fractionation of dominantly clinopyroxene, e.g. along line

B-D in figure VIz.

Starting with a primary melt of compositioh A, it is’possible
to derive both‘nepheline normative alkatine liquids (e.qg. éompositionlc)
and tho]eiitii liquids. Release of these liquids and their subsequenf .
eruption may explain the,trafsitional nature of the mafi; serie§ of the =
Bay of Is]and§ Complex. Re]eése of the pr;mary melt, or a very slightly
fractionated derivative of 1F'wou1d give rise to picritic lavas such as
. deséggbed by.Upadhyay (1973)'and Normq@ (1974) Found associated with other

Newfoundland ophiolite suites. Control of. the time.and depth of release

of tﬁése 1iqu{ds wbu]d $e dominantly controlled by the émount gf'1iquidh
present and the rate of ascent of the diapir. _ o -

More signifiéant]y perhaps, the petrogenetic scheme presented
may explain.the increase in alkalinity of Jolcanics away from ridge~a£e§ '
in present oceans (McBirﬁE&‘and'bgss, 1967; Strong, 1974) and support
O'Hafa'é (1973) view that this is due to increased opportunity for crysta]A--
1-'fractionation. Liquids erupted in off-ri&ge environments have progressﬁVe]y
thicger, colder and perhaps more solid lithosphere to pass'through‘beforé i
eruption and therefore greater opportunity for high-pressure cotectic
crystallisation as their upwar&-progresé 1s.phys§ca11y impeded by the

1ithosphefe plate. Mater{a] ascending directly bene&ihAthe ridge-axis .

encounters virtually .n%,]ithosphere and m'Hé-be erupted after little

‘:high-pressure cotectic crystallisation (Figure VIpa). Material ascending
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TABLE XXVI

Compositions used for Subtraction Programme

Lherzolite

Harzburgite
.
SiO2 -44.26 T 43.67
TiO2 0.18 0.02
1\1203 3.13 0.48
-Cr203 0.42 . 0.42
Fe,0, 1.95 1.19
Fe(%: 6.82 " 6.85
MnO - 0.12 0.14
Mg0 39.94 46.86
CaQ 2.88 0.36
Na,0 0.12 0.00
KZO 0.15 - O..02
P205 0.03 0.00
NiQ 0.37 0.39
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just off-axis might travel-laterally and undergo further fractionation
before eruption. Temperature gradﬁeﬁts derived by Bottinger (1974) for
spreading rates of.4 cm/year suggest that magma held at pressures of
20-10‘kg (i.e. 60-30 kb depth) may sti]]’be fractionating (i.e. still
1iquidk;resent) up to 1000 km from the ridge axis. This suggests that
some oceanic is]gpd—ﬂikafi—magmatism is possibl} not hot-spot related,
but is father‘é/result of intersection 6f deep fault structures with zones
of partially fractionated magmas. -7

The petrogenetic model also indicates that at pressures of less
than 20 kb, no melting has taken place in the upwelling diapir. If
applicable on a wider scale, Eﬁis is contrary to the views of many workers
which state fhat release of pressure”and'accompaééed adiabatic temperature

increase lead to melting at any depth, but is in accord with Cawthorn's

(1975) calculations.

ii) Degrees of Partial Me1ting

An 'extraction programme' developed by R. G. Cawthorn {1975)
has been used to calculate the degree of partial melting\of the spinel
1herzo]ites‘that had to take place to produce a melt of composition A

(figure VIy). This programme subtracts various amounts of a given

harzburgite composition from a given lherzolite composition)and
recaiculates the residugm (in this case, the.me1t) composgition (Appendix
IV), In this case an average Bay of Islands spine1(1herzolite composifion
was used as s%arting ma%éria] and the most residual harzburgite composition
" subtracted (Table XXVI). The resultant T1iquid must plot at point A on all

C.M.A.S. projections and should have an Mg/Mg+Fe2 ratio consistent with



"

Figure VIbb: Degree of partial melting as & function of
temperature. . '
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it being in equi]ibr%um with the harzburgite, ?.e. 0.77—0.78. It has
been found that partial me]ti%g of 23% produces .a 1fqujd'composition
‘fu1fi]1iﬁg these requirements. This 1iquid composition is noticeably
similar to the picritic basalts of Glarke (1970) who suggests their
formation as a.prjmary magma by partiai melting of garnet peridotite at
30 kb. | ,
According to the work of 0'Hara (1968) a partial melt of 23%
plots at position A (figure VIbb) and should be in equilibrium with a
harzburgitic residuum containing little remaining ;1inogyroxene. The
field evidence and petrogenetic modei of the Bay of Islands _Complex is

thus correlatable with this experimental work.

iii) Dégrees of Fractional Crystallisation

The'original magma, of composition A (figure V1y), produced in
equilibrium with the harzburgites, must have had a Mg/Mg+Fe2 ratio iq
equilibrium with olivine Fogzv(olivine composition of harzburgites).
Experimentally determined partition coefficients between olivine and 1iquid
suggest that this ratio should be 0.77-0.78 (Roeder and Emslie, 1970).
Clearly, therefore, the basa]t; do not represent this original composition
but are crys;a]]ised from é later 1iquid after fractionation of a certain
proportioh of cumulates. These proportions can be estimated approximate]y‘
as follows: ' '

(i) Assuming that only olivine is removed as cumulate material
and that all olivine removed has an gverage content Fo87 (Fo90 is removed
during early stages of fractionation and much more fayalitic compositions

later), then



<

Mg/Mg + Fe® = 0.779.

LA - 354 -
Wt % Mgoinitia] magma =Wt % Mgobasal.t txowt %_MgoFo87
"lf Wt % Feoinitial magma sewt % FeObasalt X WE:% F?OFO87
d where x = % of fractionated Fo87
and Mg/Mg. + Fe? initial magma = 0.78.°
Wt % MgD in Fo87 = 47.5‘
Wt % FeO }1n F087 = 12.5_
Wt % Mg0 in basalt =8
A . | . e
Wt % FeQ 1in basalt =17,
Therefore for basalt + 20% Fo87 ¢
Wt % Mg0 = 17.5
Wt % FeO = 9.5
Mg/Mg + Fe? = 0.768.
and for basalt + 25% Fo87
) WY % Mg0 = 19.8
Wt % Fe0 = 10.]

This calculation suggests that an initial magma produced in

equilibrium with Fo92 would require fractionation of 20-25% olivine (F087)

to produce the basalt composition.

Although no accurate estimate of the

amount of vein material cutting the harzburgites is available, the total

amount of fractjonated olivine from field evidence does not appear to exceed

10 per cent of the total mafic sequence. Therefore it is necessary to take

into account fractionation of gabbroic composition in addition to olivines.

=
!
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The presence of cu@u]ate gabbros in the field support this reasoning.

(i1) Aséuming 10% fractionation of olivine Fo87 : Wt % Mgl =12.71,

N

Wt % FeO = 8.25
Mg/Mg + Fe? = 0.735. .

[}

Now with further fractionétion of gabbroic material (including

critical zone rocks),

Wt %'Mgo gabbro = (approx.) 12.0
Wt % FeQ gabbro = “ A 4.1
Then, |

Basalt + 10% F687 + 60% gabbro

Wt % MgO = 19.9]
Wt % Fe0 - 10.65
Ha/Mg + Fe? =  0.771

% |

This calculation assumes 10% olivine fractionation (orthopyroxene
and clinopyroxene have also been fractionated, especia11y in the veins,
but since their Mg/Fe ratios are similar to olivine and since they crystallise
in‘relatively small amounts, they are neglected for this approximationj,
followed by 60% gabbro fractionation, leaving 30% liquid. That is the

primary magma, A, should give rise to

0livine {(pyroxene) cumulates including veins - 10%
Gabbro cumulates + some dikes + C.Z. - 60%
+ Basalts + dikes' - 30%

Such proportions do not seem inappropriate for the Bay of Islands Complex,
from the field evidence. The proportion of ultramafic cumulates might be

increased, -and gabbro proportion decreased when an accurate estimate of

amounts of vein material are made.

-
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At this(ﬁbfﬁg it is worth noting that similar argumentsiapp1iéd B
to contemporary oceanic tholeiites indicate that they do not havg an o
Mg/Mg + Fe2 ratio 1ﬁg%q611ibrium with thé mantle composition from which
many authors suggest they qre directly derived. Calculations made, for
example, on the analyses presented by D1m1tr1ev (1974), who explicitly
states that abyssa] tholeiites are primary and undifferentiated me1ts.of
the"upper mantle, indicate that a 20% fractionation of olivine (F687) is
required to produce his basalt composition from a primary melt in equilibrium
with upper mént]e lithologies. Such arguments apply to almost all ocean}c
tholeiites described in the literature, énd substantiate the yiew that

oceanic tholeiites are a result of crystallisation from a differentiated

magma.



. CHAPTER VIT ‘

TECTONIC SETTING AND EMPLACEMENT OF THE OPHIOLITE SUITE

4
A. JIntroduction.

Ophiolite suites have been the source of controversy and s %
~di§cﬁssion“amongst geologists for several decades. Early workers {e.g.
Benson, 1926;‘Steidmann, 1905, 1927) wﬁo first defined the ophiolite suite
on the basis of their work in the Alps, suggested that tﬁese rocks
represented intrusive and volcanic ‘products of a eugéosync]ina] environment
* that Iater became involved in the mountain building episode of the orogenic
cycle. "With more recent th§or1es of plate tecton?hs and sea-floor spreading,
ophiolites have assumed a more s1gn1f1cant role in that they have been
1nterpreted by a number of gep]og1§ts as cross-sections of oceanic - o ;
lithosphere {e.g. Dietz, 1963; Hess, 1964; Géss, 1968; Reinhardt, 1969; /

J

Moores and Vine, 1971; Dewey and Bird, 1971; Church, 1972). .Williams and '
Smyth (1973) have summarised ‘the evidence supporting’such vfews. (/

| BN
B. Oceanic Crust and Mantle.

The probab]e structure and gtrat1graphy of oceanic lithosphere /f
has been outlined by a number of workers (e:.g. Cann, 1968 1970 Chr1stensen,
1970; Aumento, 1972; Vine and Moores, 1973). Almost all of the knowledge
concerning thickness, composition and physical properties of the oceanic ~
'E?usf'is derived froh seismic refraction exﬁeriments and dredging in- the
deep sea. Constraints on the models developed from this evidence'are

placed by measurements of grav1ty and magnet1c f1e1ds in the ocean bas1ns,

and proposed models of the upper mant]e below the ocean1c crust.
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“Refraction seismics have de11neated three layers w1th1n the - . o

oceanic crust. Layer ore has variable se1sm1c ve1oc1t1e§“and 15 of var1ab1e
‘thickness. The seismic propert1es suggest that this layer s mgﬁe up of 8,
sed1ments and this has beén conf1rmed by dredge and drill sampling. Layer
two exhibits compress1ona1 wave veloc1t1es (Vp) between 4.3 and 5.8 km/s.

.'Typicajly.the layer is 1-2 km thick. Layer three nas seismic velocities
’.(Vp) of 6.7 + 0.3 km/s, and is ‘between 4. 5.and 5 km thick on averdge.

" The presence of - submar1ne volcanoes and the predominance of basa1t1c rocks,
espec1a]1y p111ow lavas, in bottom photographs and dredge hauls, suggest
that basaltic rocks floor the ocean basins beneath the sed1ments'and
. probably comprise the major part of layer two. More recently, the results f
of JOIDES and cher dnil]ing programmes have confirmed beyond reasonable
doubf that at 1eaet theatop of layer two is basaltie—;nieemnosition. .The
cnmﬁbsition of Jayer three is more controversial. In his classic paper of
1962, Heé; suggested that it consists of serpentinised pe;jdetite. Sub- ‘
sequently other workers (e.g. Christensen, 1970{ Cann, 1970) suggested that
layer three is more likely to be comprised of am?hibo]ite, gabbro or a
combination of gabbro,'diabase and their metamorphic-equiva1ents. The fact
that diorifes, gabbros end anorthosites have been dredged from the ocean
floor (Cann and Funnel, 196}; Aumento, 1969; Engel and Fisher, 1969; Melson
.and Thompson,, 1970) supports this view. \ ‘

 Cann (1970) constructed a model for oceanic crust entirely from
the consequences of plate tectonic theory'and from rocks and geophysical
measurements from Fhe ocean floor, especie]]y'at ridge-crests.. The crustal

-structure he envisaged cdmbrises a zone of unmetamorphosed pillow lavas

.over1ying metamorphoséd'pi]]ow!]avas in two metamorphic zones. These zones

show (a) the development of clay minerals and- zeolites from the ferromagnesian .

-3
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minera]svand dgeper (b)fgreenéchisgséacies metamorphism (Melson et al.,
1968;'53nn, 1969; Aumento, 1972). The pillow lavas are intruded by feeder -
dikes for the~f10ws and*benegth this is a diabase dike swarm proper which 7
greges d0wnwards through coarser grained d1kes to a massive layered gabbro
forming the 1ower crust (f1gure VIIa) No reference was made to the
cm#ho]1te comp]exes of cont1nents during the construct1on of_£?1s model,
. but when comparison is made between the model and the opserved structure
of ophiolite cqmp]exes, the sfmi]aritie; are very striking. Several
ophiolite coﬁelexes, e.g. Bay of IslandS:Complex, Troodos Complex, South
Oman Complex, have exactly the same e]ements as the model, and in many
BEQers only small parts of the sequeﬁce are missing.
¢ N o The mantle underlying oceanic crust may be divided into three
types on the basie of dredged samp]ee and inclusions 15 basa]ts‘from
oceanic islands. Primary or primitive mantle material has nof bekn
Hep]eted through processes of partial melting. The composition of this
magerial is generally typified by the 1herzo]itic inclusjons found in
oceanic basalts. Depleted mantle is materigl from ghich a besaltic; or
more likely a picritie, melt has been extracted to giverfise to the cumulate
and extrusive members of the oceaﬁic crust. This mantﬁe material is generally
belier;§!t0 consist pf harzburgite plus or minus dunite. Thirdly, cumulate
. ultramafic rocks have been recorded in dredge hauls from the Atlantic Oeean
floor (Aumento et al., 1971; Aumento and Loubat 1971) and are thought to
~ have formed by fract1onat1on from the magma produced by partial melting of

the primary maoptle.

Although no stratigraphy, or direct-relatiogship between these

u]tramgiic rocks can be recorded from ocean dredge hauls, all types occur
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in the Bay of Islands ophiolite, with an apparent stratigraphy, and

strengthen the correlation between this ophiolite suite and oceanic

lithosphere.

t. The Bay of Islands Complex and Other Ophiolite Suites.

The Bay of Islands Complex js compared with proposed sections “of
oceanic 1ithosphere.and other well-known ophiolite complexes jn figure VIIb.
Clearly many of the‘ophiolite suites, including the Bay of Islands Complex,
are thinner overa11 than oceanic crust, genera]]y as a result of a.reduced -
gabbro section compared with layer three of the oceanic crust. Six of'the

0ph10]4ﬁf complexes show a clear development of sheeted diabases, four of

_these being Newfoundland examples. Thesfapuan ophiolite, the Canyon Mountain

Complex, and the Vourinos Comﬁ]ex are comparable jn,that they show’a

ER

'significantly dreater deve]opment of dioritic'rocks in the cumulatelsequence

than the other complexes, and apart from the Semail Comp]ex Oman, they.
approach more closely fhe thicknesses jmplied for ocean1c‘erust _.\

Perhaps the widest cited and best recogn1sed of these oph1o]1te .

P

comp1exes is the Troodos Qomplex of Cypﬁhs -1 deed " this Complex%&hs been

e

taken by some authors as a type ékamp]e of opHigJ1%L@su1tes It is therefore

pert1nent here to make a cioser comparison between th1s Comp]ex and the

~

Bay of Islands Complex. ' . >

The Troodos Complex has been ,investigated by a number of workers

‘(e.g._Ni]son,_1959;'Bear, 1960, 1966; Gass and Masson-Smith, 1963; Moores

and Vine, 1971; Greenbaum »1972; Vine and Moores, 1972). A1l have ‘recognised
. ' 2 . . .

a basic stratigraphy within the Troodos Complex comparable with that described

here for the Bay. of Islands Complex except that the exposure and preservat1on

of ultramaf1c rocks is much more complete in the latter
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Comparison of oceanic lithosphere and
well known ophiolite suites.
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On Troodos, the ultramafic rocks are dominantly harzburgite
tectonites, a residual product of mantle fusion, which form the basement

for the Plutonic Complex (Bear, 1960). There is no recognised base to

these rocks, such as the basal thrust zone of the Pay of Islands Complex,

and gravity data suggest that they extend downwards_for some considerable
distance although thé}fﬁiéﬁt\b rust at depth (Gass and Masson-Smith,
1963). No ultramafic compositions such as the high-pressure spinel
1herzo1ftes of the Bay of Islands Comp]ex,.which here are interpreted as
primary mantle material, are evident in the Troodos Complex. The harzburgites,
or enstatite olivinites of the Cyprus Survey geologists, are strongly
foliated, display isoclinal folds especia1]y-marked by interlayered dunite
bands énd in thin section, shoﬁ all the features of mantle tectonites.
Optical determinations of mineral compositions (Bottcher, 1969) suggest
that forsterite content of olivines in these rocks is between Fogq and F094.
These harzburgites thus are directly comparable with the harzburgite
tectoﬁites of the Bay of Islands Complex.

The over1ying Plutonic Cémp]éx consists‘of~a layered series of
unalbitised gabbro, norite, pliv{ne-gabbro, troctolite, olivine-pyroxene
and dunite with accessory chromite. It has bgen demonstrated gy Greenbaum

(1972) that the érysta]]isation sequence of cumulate minerals in this series

A\

is 1) o]i@ine-+ chromite, ii) olivine + clinopyroxene, jii) olivine + “
cTinopyroxene + orthopyroxene, iv) clinopyroxene + orthopyroiene + plagioclase.
The preﬁence of orthopy}oxene as a cumulate mineral in the later sequences

is in marked contrast to the Bay of }s]ands plutonic rscks Qhere this phase

is absent from all but the earliest cumulate rocks. Mineralogical analyses

of the plutonic complex olivines indicate forsterite contents varying between
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Fog, and Fo82 and there is an associated bulk rock iren enrichment trend.

Thus there is a marked discontinuity between the. harzburgites and rocks

of the Plutonic Complex both in textures {tectonites to cumulates) and

mineralogy (Fo

Moho as already defined here.in the Bay of Islands Compelx.

92 to F087). This is directly comparable to the petrological

Although both Greenbaum (1972) and Moores and Vine (1971) agree )
that the Tro;dos Plutonic Complex was produced below a slowly spreading
océanic ridge, the actual nature>of the magma chaﬁber(s) and its crysté]-
lisation is disputed. Gréenbaum'envisages a single, large magma chambef '
extending alony the strike of the ridge as a trough-like pool fed centrally
by a tapering condﬁit (Figure VIIc). The magma chamber is surrounded on
bottom and sides by residual mantle harzﬁurgites whilst the cap above the
reservoir is made up 6f dikes and extruded pillow lavas. In this model,
crystallisation proceeding within the magma chamber gives rise to mafic
and ultramafic cumulates according to the thermal conditions at any point.
That {s, high-temperature phases (é.g. chromite and o]iviné) crystallise
in the hotter, innér.rég%b's near to the axis. Hot magma of the same
’ composihﬁon entering the chamber serves-to maintain the proces{. As
spreadiﬁg continues, crystals accumulating on the movin;.?1dor.are-carried
siow]y outwards énd become buried beneath lower temperéture assemblages
(figufé VIiIc). The main argument agaigst this model is strug;ural. It is
difficult t6 cpnceive of a mechanism to support a thin cover of diabases
above a 1argé magma chamber such that the dikes are emplaced ét the spreading
centre and apparentiy thicken away from this axial zone as a layer. Added

to this is an argument which Greenbaum himself realises. This is the

apparent Tack of evidence for any large scale magma chamber convection that

)
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=3
would be expected in a reservoir in which temperature gradients were

fairly dominant, in this case from the hot; central feeder zone to the

cooler lateral margins. \

These arguments do not arise with the model propoSed by Moores
and Vine (1971) which depicts the formation of the plutonic complex as
A number of small fractidnating magma chambers below the spreading centre.
Evidence supporting this model consists of the intrusive relationship¥
visible between gabbrb bodies within the main gabbro zone (Allen, pers. .
comm., 1974) and the presence of diabase dikgs cross-cutting gabbro cumulates
and in some places the more ultramafic cumulates. In a sequence of small
intrusions it would not be difficult to envisage dikes from one body
extending vertically towards the surface and also ]ateréi]y to cut dikes,
gabbros and possibly ultramafic cumulates of an older solidified body
A similar model has been proposed for the genes1s of Newfoundland ophiolites
at an oceanic spreadxng centre by Strong and Malpas (1975).

The hypabyssa] intrusive rocks and volcanics of the Troodos

are comparable in many aspects w1th those of the Bay of Is]ands The
Troodo‘p]ex has an extremely well deve]oped Sheeted dike comp]ex much
more so than the Bay of Islands, but un]xke the latter does not show a
development of dike breccias. Some tecton1c brecciation took p]ace during
Alpine orogenic episddes but f%is is not restricted to therdiabases. In
both its areal éxtent and its restriction to the diabase unit, the dike
bfeCciétion in the Bay of,is]ands Complex does not have a parallel in Troodos.
. Cyprus geologists have recognised two divisions of pillow lavas

in the Troodos. Complex. The Upper Pillow Lava Group consists of pillowed

flows and extrusive breccia. Most pillows in this group contain oljvine
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phenocrysts and are chemically alkaline in nature. They lie with marked
uncpnformity eitﬁer on the 10wer-éi]1o§§:avas or the shegted diabases.

The Lower Pil]ow‘Lavas characteristicaily display-plagioclase and pyroxene
phenocrysts. Alteration is mggh,more marked in the‘Lower Series; albite

and ceiadonite are common and vesicles are filled with quartz and chalcedony.
Chilled margins are pFeserved in the Lower Pillow Lavas but have not been
found in the upper series. Unlike the Upper Pillow [qvas; Fhe Lower Series
are characterised by high silica, low potash and variable amounts of other
elements. K20 gontents group around 0.25% in contrast to a greater spread
for the Upper Pillow Lavas. |

The. presence of the uncoﬁ%ormity between the two series has
allowed Gass and Smewing (1973).to suggest that sufficient time had elapsed
. for ocean-ridge metamorphism and erosion, and migration of the Lower Pillow
Lavas from the ridge axis before extrusion of the Upper Pillow Lavas. They
explain the Upper Series as resu]ting'from 'off—axig' magmatiéigggiyity,
probably on the ocean rise.

Although a division between upper ,and lower piT]ow lavas hgs been . e
madg in the Bay of Islands Complex, all the vo1€anicg)are probably correlatable
with the lower pillow lavas of the Troodos Comp]ex.-‘lf Strong‘’s (1974)
hypothesis is correct, then the Skinner Cove yo]canik series and possibly ' »,
the volcanics of the Little Port 6oﬁp1ex_are co%paéab]e with.the<Troodos

Upper Pillow Lava Group.' T

D.. Orogenic History.
The ophiolite suite is therefore generally assigned an oceanic

owigin, but subsequent émp]acement in fold belts is another problem about
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which considerab]y#}ess is known {Coleman, 1971; Church and Stevens,
1971;'Moore§, 1970;-Moores and MacGregor, 1972; Maxwell, 1974).

Observation of a.number of ophiolite terranes and-accompanyind
literature research suggests that two major groups of models account for
ophiolite emp]acemeht in orogenic belts. Both groupg involve tectonic.
activity at consuming piate margins but whereaévone invokes the emplacement’
of the ophiolite suite by obduction and gravity s]iding; the other involves
initially the subduction of the suite and Ats subsequent elevation to the
surface by isostatic rebound. In €;T§‘E;§Z the term obduction is app]ied
to the-1ithosphere plate that'is overthrust during plate égi1ision, and
when only part of the 11tho$ppere is obducted the term 'flake~tectonics'
has been used (Oxburgh, ;9]2 and figure VIId). When emp]gcgment takes

liding, then the ophio]ite'form§ the ///;////
L

overriding slice and is more/likely to be preseried as one or two Eﬁ;usf’

place by obduction and gravity

slices displaying a complete or nearly complete stratigraphy. Because-
O .
the ophiolite is not overridden by another plate, the obducted roq&s

are relatively little deformed and high-pressure, b]ueschiSt-iype meta-

morphism is rare or absent.¢-However, amphibolitic dyna othermalbaureo]és
.2 . )

formed during initial disp]aéement of hot rocks, and local mélahgg,zones
formed durfﬁg gravity sliding or late stége emplacement are common.

On the other hand, ophiolites emplaced by subduction mechanjisms

¢

might be expected to show the results of being ove{ridden by the otQiT
1ithosphere.blate. They are mor?-likely to be dismembered by thrustin

in the subduction zone, so much so in some cases to producé 'ophioliteg\\\
“mélange’ which is of consigerable aerial extent and shows no well preserved .

stratigraphy. 'High-pressure metamorphic assemblages devéloped as
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Figure VIId: Emplacement mechanisms for ophiolite suites.
T b ’ . T
1
- kK
~ v '
* f ﬁ',‘\
;.
Y ' -. . [y
[

‘-.I
b
N
w
Ld
L7
- S,
/



¥4

ure

N £ -

‘\-. :\' LA T R A IR Pl R : <~

\.\~,- VY ‘..\_\-\\"_ TSN Y™y s

R R e Y T BN -\ W\~ - A
\\‘.. A= - - NEhe -

\

- ~1 Bl
2 .17 1o CONTINENTS =%
-—\I~\_"‘\' TN,

. Sc&iom A... ‘2 = Subduction mechanisms
B Y-section through-X-Y after {sostatic

uplift would exposa trapped ophtolite
in window. AI- 1nitial collision
' A,- after nappe esplacement

section 8 - Flakg tectonic obduction

° mechanisa, N
) “
' ‘section € - Whol lithosphere obduction
Y aschanise. :

ot LN




- N : - 370 -

,Underthrustiﬁg takes p]éce are more commpn and may sho&\later retrograde
metamorphism developed during the isostatic rebound of the ophiolite.
[f these general models are qorrect, then the tectonic/setting

and state of preservation of an ophio]ﬁte suite may indicate i{s mode
' 2+

of emplacement, e.g. the Troodos and Semail Complexes are idedl examples

of the obducted ophiolites whereas the disrupted Franciscidé Formation

and Alpine-Zagros ophiolites display many of the characteristics of the

subducted type.

-

.Study of the Bay of Islands Complex affords an opportunity for -

the discussion of an émp]acement:model. It seems from the field evidence

~

thét the Bay of Islands ophiolite was emplaced by obduction of the flake-
tectonics type. It is also apparent from temperatures of meégmorphism
obtained from the{éuredle rocks thét.the u]traha?ié% were at temperatures.
iqqthe order of 1000°C at_the time of their initial disp]acemenp. The

B - ¢ .
\\\\\‘QQQEEEEQ oceanic slice appears to have been thrust at about 3 km below -

. ) .
Y the criz;séﬂ zone, a depth by analogy equiva]eﬁ; to 10 km of oceanic .
. . - \\ - . ’
' :]ithosphere.\\;:EBnding to present day geothermal gradients, temperatures

of 1000°C could oniy otcur in two oceanic env?ronments at these depths.

1
ay L)

. . . whyo <Y . . s . .
. One is on, or very close toZa spreading centreé; the second is 1n'a;marg1na]

basin where high heat flow engzg\as a result of ignedus aqfivity_gbove
. . . - n .

a subduction zone. .

’ L.

Naturally, the heat source, the factors controlling heat distribution
and the attitqdé of geoisothe}ms are all recurring problems in any analysis

'of this sort, and whether or not a corredation of environments is valid
/
rests Jargely upon these poorly understood conditions.

If the Bay of Islands Comﬁiex was formed at a major spreading

]

centre, e.g. a mid-ocean ridgé, then the strike of the-sheeted dikes should

-~
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parallel that of the ridge'axisu lThis direction would be expectedly

north-east, parallel to the ancient continental margin, yet the
orientation of the dikes on both Blow me down Mountain and North Arm
Mountain is at a high angle to this; implying either that there was
rotation of the ophioddte sfices during transportation or that the ridge
did not para]]e]lthe continental margin but possibly intersected it at
an angle.-‘The.former case seems less 11ke1y when it i; realided that
the individual s]ices.ﬁorming the massifs must haveprotated dn exactly
‘the same manner to exactly the same degree
- Sedwments penetrated by dr1]] holes dur1nq the JOIDES deep- sea
dr1111ng pragramme are typ1qa11y calcareous ooze, p%£t1a11y chertified
turb1d1tes or deeplsea muds The rad1o]ar1an ribbon cherts common]y
) over1y1ng basalts of oph1o11te sequences are rarely formed. Pebble
cong]omerates and quartzofeldspath1c sandstones as “found in the Bay of
Isfands Comp]ex havé no deep sea equivalents. It seems likely that these
sed1ments wene der1ved from continental or 1s]and arc terranes, suggest1ng

e !
that the site of formation of the oph1ol1tes was &lose. to an ocean marg1n4*

In some ooh1ol1te Jocatit1es, particularly -the Tethyan oph1o]1tesf the-
: radiolarian chert may be thin or represented by either 1ihestone or
/’-'\}nbaﬂ“te sandstones Nhen'fossil dating is'possfble hthe cherts and
11mestones assocwated w1th the uppermost basalt are of the same or only

s11ght1y greater age than the o]dest flysch depos1ts of the orogen 1n which

the. oph1o]1te has been 1ncorporated : L . 3

A'ﬁhmmary of pa]aeonto]og1ca1 and'rad1ometr1c ‘ages obtained for

. 4 . v L]

rocks of the-Humber Arm A]]ochthon and corre]atable rocks in the Hare Bay

‘-Allochthon, is given _in Table XXVII The dates’ of formation of the Sk1nner
. n L4 - : . ' *
) ] M ‘ g:
Fs . - g .

~

&
P

2



-,

TABLE XXVII

Age dates from Humber?Arm Alkgchthon and related rdckg, Western Newfoundland

#*

‘Formation etc. Age . Type Source _ Significance
Skinner Cove Tremadocian  Fos3il * Strong (197 ) Age of formation of Sk1nneerove
' [\Assemblage
. i (Upper Slice Assemblages?)
‘ . N
Cape Onion Tremadocian Fossil Age of formation of Cape Onion volcs.
(Hare Bay) # Grapt. Zn 1. Upper Slice Assemblage, Hare Bay
_ (Possibly = to aureo]e voTcs of Bay
‘of Islands). .
. Little Port Complex 597£?4 my Zircon Mattinsén (1975) ° Age of granitic intrusion in L.P.C.
Little Port Complex 469+14 my K/Ar Archibald and Farrar Cooling age of L.P.C. Wollowing granite
T - {1976) emplacement and metamorphism or .
‘displacement of L.P.C. as thrust sltce.
- Middle Arm Point- LowggoA;en1g Fossil Stevens (1970) Ear1y detgitus from allochthonous rocks
. Y. dates early stages of obduction?
. . ¢
" Bay of Islands C. 454+ 9 my Ar40/39 . Archibald and Farrar Age of coo11ng through b1ock1ng
Aureole: 40 _ (1976) temperature for amphibolés of
' 460+ 5 my Ar'7/39 Da]]meyer & Williams aureole -- post-dates initial obduction
s (1975) ' '
Bay. of Islands C. . Archibald and Farrar
Gabbros/Dikes: 452+ 12 my + K/Ar (1976) Age of cooling of .ophiclite suite.
.Gabbros™: 445 my Ar40/39 Dallmeyer, pers. comm.
(prelim. figure)
Long ‘Point Fm, ~Llandeill/ Fossil Rodgers (1965) 'Age ‘'of autochthonous rocks 1mmed1ate1y
Caradoc. ‘ overlying allochthon.
445 ‘my Final emplacement of allochthon comp]ete

by this time.

- ¢LE -
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-

Cove As§embTage and Little Port Complex are given as Tremadocian and

50? m.y. (Tremadocian?) réspective]y, ajthough some doubt may be attached !
to the éssignmenf'B?‘numericaj values to the fossil ages (see below).

Other radiometric ages from the allochthonous rocks are cooling ages

and represent the time at.which argon was effectively locked within the
mineral(s) used for_dating.; The cgo]ind’age of" 469 m.y. obtained for the

LittTe Port Complex has been interpreted by Archibald and Farrar (1976)

. as the time of-fnitia] displacement of these rocks. Since it is believed

that all the allochthonous rocks were displaced and assembled at the same
time, éges obtained fbr the aureole rocks of-the ophiolite slice should
concur with this date. The éctua] dates of 454 and 460 m.y. do agree
withfn fhe stated limits, and slight discrepancies might be explained by
minor'differences'in cooling rates. Clearly the cooling ages obtained

for the ophio]ité suite itself are simultaneous to the displacement dates

suggesting that times of formation and obductjon p%-the ophiolite were not

vastly different unless comfletely.different cooling ratesfapply. Further-
more, since,pa]agohto]ogica] and étratigraphic control is good for the

_ .
Humber Arm region,LEhe dates reported above might be used as geochrono]ogical

-

. & _ .. :
- reference points for the lower to middle-Ordovician. Stevens (1970) argued

that obduction of the Bay of Islands Complex was initiated in early
Ordovician time since tﬁe oldest flysch contgining ophioTite detritus is
late Arenig iq'age. It’therefore seems .plausible that phe age of 469 m.y.
might be -attrituted to the late Arenig. For comparfson, ﬁarkis et al.
(1965).sﬁggegfed an age of 475 m.y.'foﬂithe middle Arenig and Dallmeyer
and Williams (1975) have suggested an average age of 460 m.y. for late

Arenig-early Llanvirn tige, ' . : /

)
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E. Conclusions. ' (i? ~

Since -there is considerab1e-evjdence that the Bay of -Islands
ophiolite was still hot when initially displaced, it can bé suggested
,‘taat its formation was in a region close to the continental margin onto
which it was obducted. The estimates of geothermal gradients within
the ophiolite indicate that it was formed eifher in a margiﬁa] basin or
at a major spreading centre. If tﬁis spreading centre was an oceaniﬁ ridge
then it is probable that this ridge intersected the dncient c&ntinenta1
margin aS'suppqrted by the nature of overlying sediments and the orientation
of sheeted dikés. The formation of the ophiolite suite was thus closely
followed by its obduékioﬁ as supportéd by available age dates.

These conclusions place several consS{fints on p]ate—tectoﬁic
' models of the dgve]opment of the Newfound]andvAppalachians (e.g. position
of major and marginal basins) and should be considered in any proposed

regional synthesis. S . . b : -

e
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. (a) Identification of xonotlite (Calcium Silicate Hydrate, =~

\ | A
APPENDIX I - ’ |

X-Ray Methods

]

x .

_ Cag Sig 0]7(0H2).
A white to\piﬁk, fibrous to_massive mineral associated with
hydrothermal alteration and rodingitisation of basal aureole rocks on
North Arm Mountain and similar alteration of shales and siltstones at
the basal fault contact in Winterhouse Brook, has been identified as

xonotlite by X-Ray d1ffract1on techniques. ) “,‘

The mineral, crushed to -325 mesh, was m:‘;ledfﬁffs\p Q:Bowder
pressed in an aluminium and gJass holder and scan:éq in_a Philips
X-Ray diffractometer. Ide;zq}ication of the major b;;Ls for xonﬁtlite .
(A.S.T.M. 10-488) are ‘as below: ‘
. ¥>\\{:i‘fo1lowing parameters applied to this determination:

4 Sample: Xonot]ite/Hydrogrossu]ar : |

Excitation kv. 40 mA 20

N Time constant: 4 sec.

N CRate:  1x 108 .
: Chart speed: 1920/min. ] \
Cu K,‘ radiation, K¥ filter. )
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(b) Determination of Fo content of olivines by X-ray determinative

curve of Yoder&\cg'Saha'r,na (1957).

4
’

‘ The pdsition of thé d]30 peak for olivine was measured on
peridotite samples crushed to -325 mesh uging a ﬁhre silica internal
standard. The gﬁantity of olivine in the.peridotfteé allowed whole
rock crushes to be used rather than o{iviné separates, in order to
obtain high intensity fef]ect%ons. ‘ ‘ |

"The sample was ground in an agate mortar under acetone.and

~about 10 mg 6f the powder was mixed with 1.5 my of pure‘sil%ca povider
on.a glass slide. Two drops of weak 1aqﬁer i& acetone solution were
addéd;and the powder stirred into a thin film on the.slide.

¢ Six oscillations were carried out for each specimen at 1/2°/
minute scan speed. The positions of the olivine (130) and silica (111) .
Ipeaks were then measured on a backlighted vernier. The olivine ref]eétioq
Qas co;rected by the silica reflection and absolute values obtained.

The average d

determine the Fo content of the olivine in the following equation:

3.

130'ref1ection from the six oscillations was then used to

Fo (mo1%) =" '4,233.91 - 1,494.59 d13q

Results are presented in Table Ali).

s
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NN TABLE Alf)

t ;
. )X;RAY DETERMINATION OF Fo CONTENT OF OLIVINES

—_—
. -~
-

\ .
% .
SpeJimen # . Rock Type Fo Cgntent
N v/' - - / .
186 .- Harzburgite , 94/5
187 | " - 93.1
189 ' v " 2.85
191 ‘ ' " “Not ;neasurable
193 " 93.01
194 Dunite ' 85.53
195 ' . " 86487
196 oo 86.12 -
Q
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APPENDIX 11 e

Calculation of temperature changes due to
frictional heating during obduction

i. . For calculation of temperature changes at a surface during frictional

-

heating on that surface: 3 ~,
= 2F 1 |
o,t - 0 kt 17 [Carslaw and Jaeger, 1959]
K X -
where T0 ¢ temperature change at surface during time t

= rate of heat production

. e
K = conductivity

diffusivity =

K
f Cp U

time during which heating takes place
| 79 = density of heated medium

Cp = specific heat of heated mediumv

and assuming that during tonstant motion the rate of heat production

N\

is constant:

e = 1
Fo > u?
-where u = rate of obduction in'ém/year
T = shear stress of heated medium.

S
In this equation-the following constants are known assuming the

aureole protp1iths to be basic tuffs free of water: (this places severe

upper limits on possible temperature increases): '

v
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K = 6x10° cals en™ sl el
4 = 2.8-gm/cc o ‘ o s>
Cp = 0.21 cgs o

¥ = 2.64,% 10% dynes/en®

ysjng these constants and variable T,*t-and u,'the following table

can be constructed re]ating'temperature increase to obduction rate and

time.
TABLE AIl{)
Time (tmy) required to produce temperature rise
T at given obduction rate u_
u{em/yr) o] 2 5 8 . 0 -
"T °C
900 5550.0 1388.8 .  222.2
800 4389.1 1097.3 175.6
700 . 3360.4 840.1  134.4
& :
600" . 2868.9 617.2 98.8
500 1714.5 428.6 '68.6
400 1097.3 ' 274.3  43.9
300 617.2 154.3 . 24.6 9.6 6.2 -
200 . 274.3 68.6 - 10.9. , 4.3 2.7
100 68.5 - 17.1 2.7 Q00 0.7,
\ /
C
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If an upper 1imit of obduction time (t) of approximately 15 my is
taken, temperature increases on the thrust plane of up to 400°C
can be attained according to the spreading rate. Spreading rates of

the order of 5-8 cm/year may produce tempefature increases of 200-300°C.

Tr ' . ‘ i .
ii. A second approach may be taken 40 estimate r5¥§§ of obduction.
2

An assumption that all the heat necessary for metamorphism

is produced by frﬁctiona].heating and heat content of the overriding

slice is made. Then, from equations developed-by Jaeger (1959), the }
initial contact temperature as a result of hot overriding slice is
given by
T0 = o—T] (1 +0 )
where T0 = initial contact temperature
T1 =.  temperature of overriding slice
. : |
o = ol .
Ky K2 and Ky = conductivity of hot slice
q{f—;\?i\ N\ KO = of country rock
. . \ . .
N k] = diffusivity of hot slice
/ . . : ’
: k0 = " of country rock
For the lithologies involved in this study © = 1.10
o7 o -
’ and T, = 1200 C max
1 ' T -
"' contact temperature = 625°C.
T

This'rep}esents the temperature component pfbduced by the heat

content of the overriding slice.
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It is knownlthat temperatures o% metamorphism were ,; 850°C.
.. approximately 275°C must be supplied by frictional heating.
SUch.&”temperature ibcrqase may g;-produced in 15 my at
obduction’rates of approximately 5 cm/year.
N.B. These calculqtions p}ovide upper limits on temperatures produced
by frictional heatiné. Movement of volatiles (esp. water) may sevére]y
change these estimates. However, the presence of granulite facies

metamorphic rocks at the contact suagests that the system at this point

was efféhtive]y dry.



APPENDIX III

(a) Major Element Analysis

Samples for major element analysis were prepéred aﬁcording
to the method of Langmhyr and Paus (1968). The major elements were
determined oﬁ a Perkin Elmer model 303 atomic absorbtion spectro-
photometer with chart recorde; read-out.

After dryind overnight at 100°C and homogenisatjon, exactly
0.2000 grammes wére weighed in a plastic cap and placed in a poly-
carbonate digestion bottle with 5 cc. hydrofluoric acid. The bottles
were then heéted on a water bath fbr 30 minutes to one hour. After
cooling, 50 cc. of saturated boric acid was added in order to complex
undissolved fluorides. Thé samples were then heated again to ensure
complete dissolution, cooled and diluted with 145 cc. of distilled/
~ deionised water to yield 200 cc. of 1000 ppm solution.

o -Eor samples containing su]phides or chromite, it was necessary
to add 5 cc. aqua regia, heat for 20 minutes and then follow the above

procedure, diluting with 5 cc. less water.

Standards were prepared in a manner similar to that described 1~‘§§§\\
by Abbey (1968). '

Phosphorus was determined on a Bayéch ané Lomb Sbectronic 20
colourimeter according to a m:::>\eq.method after Shapiro and Brannock
(1962). - . v |

Loss on ignition (H,0, CO,, SOZ) was determined by weighing
an amount of sample in a porcelain crucible, heating to 1050°C for two
hours, éoo]ing in-a dessicator, and weighing to determine the percent

loss of volatiles.
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Analytical precision was determined by choosing a sample
/gﬁ’ﬁntermediate composition in the range expected-and running this
< precision sample in each analytical batch. Results are given in

Table AIIIi.

TABLE AIII4) '

Eggsision of Major Element Analyses

T -

No. of Mean ' Ci

Element Determinations (wt %) - & (Coeff. .of .vn.)
510, ‘ 10 45.97 0.73 - 1.59
Ti0, 10 0,48 0.01 2.08
AlL0, 0 22.01 0.18 082
Fe,0, 10 4.12 0.10 2.43
Mn0 10 0.07 0.01 . 14.29
Mg 10 9.70 . 0.01 -~ 0.10
Ca0 10 13.21 0.05 . 0.38
Na,0 10 1.55 0.02 1.29
K,0 10 ' 0.11. 0.04 36.36
P,0¢ 10 0.02 0.01 150.00
L.I.} 10 3.48 . 0.15 4.31




. ﬂﬁt,,////

R

comparison with U.S.G6.S. standard B.C.R.1.
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Accuracy of major element analyses was determined by //

in Table AIIIii.

The results are given .

TABLE ATTYi4)
Accuracy of Major Element Analyses
) Proposed Value Mean No. of
Wt %  (Abbey, ]968) Wt % o Determinations
510, 54.36 55.38 0.26
Ti0, 2.24 2.31 0.19 6 \
Al1,0 13.56 13.52 0.25 6 M
.23 /
Fe203 13.40 13.01 0.27 6 >
Ca0. 6.94 6.82 0.06 6 /
Mg0 3.46 3.52 " 0.06 6
Na,0 3.26 3.26 0.04 6
K20 1.67 1.70 0.04 6
MO 0.19 0.17 0.01 6
. \
4
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(b) Trace Element Analysis

. Trace elements were determined by X-ray fluorescence
(except for R.E.E.) on pressed powder discs using a Phi]fps 1220-C
Automatic x-ray fluorescence spectrometer. Typical precision and

accuracy data for these de;erminations are given below-in Table AIIIiii.

-—

Rare Earth Elements were determined on an Associated Electrical

TIndqstries Ltd. (A.E.I.) M.S.7 mass spectrograph. General descrigkions

of this instrument are given by S. R. Taylor (1965). Electrodes were

prepared by compressing mixtures of the sample under analysis and

Ringsdorffwerke R.W.A. grade graphite in an electrode-forming die

under a pressure of 7500 psi. Operating pressures in the.analyzer

region of the instrument were in the range 1078 to 10’210!( and in

the source region 1 x 1078 t0 5 x 10'6itvr . Fifteen graded exposures )
of the spectrum from a sample were recorded palarographically on Iiford

Q2 plates, which were subsequently processed according to the manufacturer's

instructions.-

In the approach adopted here to this method of analyses, a

»

basic equation can be written, viz, . ..

C

£ CS x Expg / FxpE x Is/Ig x 1/R

where

n

CE content of element E in electrode analysed (at parts

per million)

S content of a second element S (internal standard Rhenium

————

c

used).
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TABLE AIIIiii)

/ N

Precision and Accuracy of Trace Element Analyses

PRECISION

Element

Ir
Sr
Rb
Zn
Cu_
Ni
Co
Cr

-

i .Ba

ACCURACY

Element

Ir
Sr
Rb
In
Cu
Ni
Co
Cr

Ba

Mean p

201
193
8

pm.

%0

110
38
27

109
69
73

Proposed
Flanagan

190

330
46.

120
18.

Value .
(1969)

15.8
38.

17.
399

675

R

0 W W NN~ N ;D

Mean
ppm

193

345
49
110
20

17

36
22
379
682

23

- 12

Ci

" (Coeff. of vn.)

No. of
Determinations

10
- 10
10
10
10 -
10
10
10
10,
10
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ExpE = Exposure (in mj11im1§rocou1ombs) reqqired
to give a line of chosen densityinr a chosen isotbpe of E on
photographic plate. | |

Exbs = Exposure (same units) required to give the same

chosen density for a chosen isotope of element 5 on the same plate.

These exposures measured by microdensitometer:

I¢ = isotopic abundance of chosen isqtope of §.

1l

jsotopic abundance of chosen isotope of E.

Ig
and R = a factor (relative sensitivity factor) introduced
as a measure of sensitivity of total retoraing proceddre to line
of element E used to compare with sensitivity to line of element
S used, arbitrarily assigned a value of unity. .
| Precision and accurac§ of the analytical method arel

described by Nicholls et al. (1967).
: ’ (e

{c) Mineral Analyses

Mineral analyses were carried out on a Cambridge Microscan
500 electronmicroprobe analyser with two spectrometers. Data output
on punched cards was provided. Metal, mineral ahd synthetic glass

standards were used. Fluorescence and absorbtion corrections were

. completed with a Rucklidge reduction programme (University of Toronto).

Supplementary olivine analyses by X:.R. Diffraction are

- ~

described in Appendix ij



PRINT QUT:

" elements are multiplied by the same normalasa

APPENDIX IV

Petrochemical Subtractien Programme

Th1§,ca1cu1at1on was developed by R. G. Cawthorn at Memor1a] _
University Geo]ogy Department in 1975 To make est1mates of residual -
1iquid compos1t1ons var1ous proport1ons of known phases may be added or
sqbtracted from the known paréht’rock composition. The resultant

calculated composition is determined and printed out.

© . DATA INPUTY _ . T

The following data must be supplied: the composition of the
starting material and all the phases involved; the number pf phases and

the proportions of the individual phases to be added or subtracted.

‘Several sets of proportions may be listed consecutively.

. ‘A rd
' -

!

- Before the calculation is performed all analyses are normalised

- to 100%. These normalised values are bFinted out, together with the

proportion of each phese which is to be added or subtracted. The residual
composjtipn.is a]éo norma]tsed to,100% and printed oyt. Only major elements
are added together and norﬁa1ised to 100%. Ho éver, 'concentrations of minor
éyon factor as the major
elements and thus remain in the same proportioq\tg/the major eIements in

the print out

The resu]ts of the calculations used in this work are presented -
oy

below:

N
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¢ LEveL 21 : MALN

C PEINUCHENILAL bUBTHACTIUM PHYLHAN

VATE & 15193

A 15 nunsER OF PnASES TO ¥r ADURD U SUBTRACTED

INTEGER TTILELRO,SU)
UITHERS IO ANALLIU,20), ats(zO) PHOP (1U)
29 HEAD 9,x
9 FOHNAT (1%)
Ir(4,LY,0,) GO TO 30
-.HEAD 10, (TITLELL,J),d71,50)
10 FURHBAT  (S0A])
NEAD, 11, (AMAL{L,N), Nll,l))
31 FUnnAY (135F6,2)
READ 17,(A~AL{1,N),N-14,20)
17 FORMAT (7F8,2)
RKSKe}
VO 12 Le2,xX
HEAU 10, (YITLELL,J),J=1,50)
#HEAD 11, (AnAL (L,N),N31,13)

12 KEAU L, (AtAL(L,N) NE1q,20)

2! hEAN } 3, (PHOP (N),Nw2,|0)

13 FORMAT {9Fb,&)
FRACTeU, . W
U0 28 Leg,nK <&

28 rmcnfnCluus(?RoP(Ln . S

TIF{FHACT (kU,U,) LO TU 29
un 1y Ltl,nx
SUMvO,
VO 1Y NT1,1)
19 SUMIOUNSANAL (L,N)
SUNTSUR/ 1UU, -
00 14 Nei,20
18 ANAL{L ) N)saNaL(L,N)/SUN
U0 1a hut,¢n
KESINY wamaL {1}y )
GU 19 L¥2,RK
14 HES(N)l"LS(N)OAHALtL,N)thuP(%;
SUHTU,
VO 15 Kej,20
15 sunssumeHES(N)
symeSun/ oo,
00 16 N3l,20
16 KES{H)SHES{N)/SUMN
PRINT 20, (1JTLECL,3)33%1,50) v;
20 FOHHMAT (fQ’,?

-

falcULATION ls PERFORMED '/, HUW § 137;11%9,5041)

V0 21 Lv2 RrK
PRINT 220, CTITLEL3),d81,507)PROP (L)

‘

IETLLVA)

o
)

ALL LHAL!SLS AHE NURMALIIEL Y0 Q0% bEFORE THE €

22 FORHAT (’07,¢ KOn'’,I2," 15'.!15,50Al,' PHOPOKRT]ION AUDEU 187,F8,48)

21 CONTINUE

* .
i

-

raut 0001

- g -
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onub FEINY 23 . ‘ N
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: vuss <B0 3y Nel,e0 | .0
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©oss LF(NEG,GT,0) PRINT 32,nEL
uesSs | 32 FORHAT 0007, CIHLS CALCULATION GIVES A NEGATIVE SOLLTION FIR?,{2,¢
1 ELEMENTS’)
'gcy7 PRINT 2b,(kt§(n),N11,20)
0ob8 26 FUHRNAT (707, ConPnSleon OF Teit KESIOUAL WarEwlaL IS7¢7," *,20Fs,
12} - -
co5Y - 60 TO 27 . ‘
ceLo 30 STUP ’
oLt © ENOD R . .
o J
- . . .
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- ‘
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{ /
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“ROW 2 13 MARIBURGLTE
V's102 Y102 L2083 CR203 FE203 rto _MWMD  HGD CAD  NA20 X20 P205 (02 ANY OTHER ELEMENTS YOU M1Sn TO AUD

' ROw @ }

TNIS CALCUL‘TXGN GIVEY 4 "EEATIVE SOLUTION FOR | ELEMENTS ' v

B T '

ALL ANALYSES ArE WORMALISED TO 100X BEFORE THE CALCULA!XON !3 PEHFURNED o ,///‘\
KOs 1 18 STARTING COMPUSITION . LMERZOLJTES - { " f J

PROPORTION AODEO IS =0,9500 !

KARZBURGITE ’ /;‘- oo
M !

3,43 D,82 /1,95 o,82 0,12 39,% 2,88 0,12 0,13 0,03 0,37 " 0,0 0,0 -+0,u
,a8 0,0271,19 6,85.-0,148 ab,86 0,36 0,0. 0,02 0,0 s o 0. 0,39 0,0 0,0 0,0

OF TnE RESIOYAL MATERIAL IS

ORE TWE CALCULAYION I3 PERFORMED Y.

99,59 3,15 53,55 0,82 16,36 6,33 =0, 2:;;’ 3 SO 86 2,48 2, 37- 0,68 0,0 =0,02 0,0 0,0 0,u
F

ALL ANALYSES ARE NORMALISED TO xoax

ROw 1 13 STARTING COMPOSITION LHERIOLITES
- a

PRGPORTION ADDED IS 0,9000

aq,2b 0,18 3,13° 0,82 1,95 6,82 0,)2 3%,9¢ 2,83 0,12 0,5 0,03 0,0 o 37 0,0 0,0 0,¢

; 43,67 0,02 0,80 0,82 1,19 6 .85 0,14 Ib 8% 0,36 0,0 0,02 0,0 0,0 D ‘39 0.0 0,0 0.0

/

— 1o, malk bhufHIkOK,’.

| COMPUSITION OF fu: RESIOUAL. MATERIAL 1§ &~ . - i
49,53 1,58 2b 0,32 +8,76 6,57 =0,08-22,33 25,55 1,28 1,25 0,3¢ 0,0 0,i8 0,0 0,0 0,0

ALL ANALYSES ARE NQRMALISED TO 300X BEFORE THE CALCUL}rlON IS PERFORMEU

“ROW | [¥ 8TaARTING COMPOSITION LHERZOLITES . ’ .

l

.
1
.

|

ROw 2 13 HARZBURGITE

. [\PRDPOR‘IION AODDED I8 =0,8500
102 rtIp2 AL203 CR203 FE203'FEQ 'MNO HGo CA0 NAZ2O K20 p2os co2 ANY OTMER ELEMENTS YOu
ag,2b 0,18 3,18 0,92 1,95 6,82 0,12 39,98 2,88 0,12 0,1% 0,03 0,0 0,37 0,0 0,0 Q.u
23,67 0,02 0,43 0,82 1,19 b 85 0,14 ab 86 0,36 0,0 .0,02 0,0 0,0 0,39 0,0 0,0 04t

* . -

ConPOS1TIon ufF THE RESJOuAL MATERIAL 19
47,51 1,06 18,12 0,92 6,23 (4,008 0, ge 0,71 §7,14 0,62 0,84 0,22 0,0 0e25 0,0 0,0 0.0

ALL ANALYSES ARE NORNALlsib'*O'lOO! BEFORE YTHE CALCULATION ]38 PERFORKED
ROw | 19 .8TARTING CONPOSITIUN LnEanL[T:{ : ~.

. ROW 2 IS ' HARIBURGITE PROPORTION ADDED_ 1$ «0,8000

slo2 1102 AL203 CR203 FE203 FEO MNQ HGOD CAOD NARQO X20 P203 CO2 ARY OTHER ELEMENTS YUU

84,26 0,18 3,13 0,82 1,95 6,82 o.xz 39,96 2,88 0,12-:0,%S 0,03 0,0 0,37 0,0 0,0 0,y
43,87 0,02 0,98 0,42 1,19 6,85 0,14 36,86 0,36 0,00 0,02 0,0 0,0 0,39 0,0 0,0 0,0

ConPuUSLITION OF THE nta!OunL nAtERlAL 1s

as,5( 0,80 13,70 0,92 4,97 &,70 O, 05 12, 21 12, % 0,62 0,63 0,17 Oéz 0,29 0,0 0,0 0,0

AUL.ANALYSES ARE NORMALISED TO {DOX BEFDRE THE CALCULATION 1§ PERFORHED

. ROw 118, STARTIAG COMPOSITION  LHERIOLITES v

. ROW 2 18- MARZHURGITE ' ) /’fr PROPOKTION 40DED IS =0,7500

8102 T102 AL203 CR203 FE203 FEO MU . HGd CAO NA2O K20 peos coez ANY OTHER ELEMENTS 'YOu

48,26 Oy18--J,13-0,82- l“S -6,83—0,12 39,9¢4—2,88- 0,12--0,15—0,03- -0, 0 0,37 0,0-- 0,0 - 0,0 -

AL203 CR205 FF203'FE0  MMO  WGO  CAU  NAZO K20, P20 coz ‘Aanr ‘DYNER ‘ELEMENTS YOy 13K TG AUD

0,0 0,0
0,0 0,0

0,0 0,0

.0,0 0,0
0,0 0,0
0,0 0,0
nISH TO ADD
0.0 040 .
0,0 0,0
0.0 0,0
nISH TO AQD
0,0 0,0
0,0 0,0
0,0 0,0
nISH TO ADD
0,0- - 0,0

0,0

C ie Sof kn.nhws.h wwhw foun
latle = fof. ?~J~A£ rasdlimg -

0,0
°|o

«

0,0 -

o0

=040 - -—

_:wu-.__“_______.__ﬁ

@i atemieen

- Gy -
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€},s7 0,02 0,887 0,32 1,19 6,85 0,14 45,86 o.lb 0,0- 0,02 0,0 0,0 0,39 -0,0 -0,0 ~ 044

COMPUSITION OF THE WESTOUAL MATERIAL IS o
45,90 0,85 11,05 0,42 ‘8,21 6,72 o or 19,11 10, aa 0,89 0,91 0,43 0,0 0,31 0,0 ©,p 0,0

ALL ANALTSES akE' NORHILISEU 10 lOOl BEFORE THE, CALCUL‘Y!ON Is PERFORHED C T
ROw 1 lS STARTING CONPOSITION LHERZOLITES - - . -

A0« 2 IS HARZBURGITE PROPORTION AOCOED 13 «0,7000

5102 1102 Afaos C“éal FE2031FED KNO KGO CAD - NARO K20 P30S Co02 ANY OTHER ELEMENTS YOy nlSA TO ALO

sa,2b 0,18 3,13 0.32 1,95 6,82 0,12 39,94 2,88 0,32 O0,!s 0,03 0,0 ©,37 0,0 0.0 O,u 0,0 0,0 0,0
43.6¢ 0,02 0,48 O,a2 1,19 &,85 0,ia ab,86 0,35 0,0 0,02 0,0 0,0 0,3 0,0~ 0,0 O, 0,0 0,0 0.0
: . d .
ConPuSLTION OF THE PESIOUAL MATERIAL 1B .
45,50 0,58 9,29 0,42 3,70 4,74 o os 23,7y 8,7a 0,41 0,43 O,$1- 0,0 0,32 0,0 0,0 O, 0 0,0 0,0 0,0
.\
v '
S~
-
. ) . s
. \ 2
- «
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, APPENDIX V
. I
‘LOCATION AND .DESCRIPTION OF ANALYSED SAMPLES
A. Lherzolites: ..All collectéd from base of Table Mountain.
V12- nr. Winterhouse Bk.
Vi3 "
V1a oo S ‘
V15  Trout River Pond - yot
V16  Trout River Pond ’ )
Olivine 55%. Enstatite 30%. Clinopyroxene'  12%.
: Spinel) 3%.  40-60% serpentinised. ) o .
B. Harzburgites: =T
115 From Table Mountain  65% serpenfine-\O1 40%. En 55%. Sp 5%.
]20 " 45% n L1} . n .
‘I 22 " 40% 1u / 11 n . I|.
124 1] . 60% [1] , ) n n. .
181 From North Arm c .
Mountain 65% " 01 45%. En 51%. Sp 3%. minor cp
182 : " 50% " 50%. 45%. . b%..
183 " 60% . - 44%. 59%. " - minor cp
184 " 50% " " 45%. 50%. "o "
185 " 50% o 40%. . 48%. " "
186 oo 65% " - %= 35%. 60%. ",
187 ! 50% " . 60%. 30%. ". minor cp
188 " . 55% " . 45%. 45%. 6%.. N
189 ! 60% o . 55%. 37%. " -
190 , " . 60% " . 60%. +30%. 5%. "
191 - " 65% " ©20%. - 70%. " oo

192 - " 60% " 3 5%. " _
193 " ’ 60% "o BME}%. " . minor cp:
. Pyroxenite vein from North Arm Mountain.

En-V. ‘ 30% serpentine. 01 30%. En 30%. Cpx 40%.
[}

N o

a7

™
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"C. Critical Zone and Dunites:

258

FrOmelow‘me down Mounta’i

n

5. Cpx 10%. Plag 85%.
80%.~ Cpx %. Spinel” 3%.

85%. Opx. 8% Spinel %. Cpx  3%.
90%. Cpx  3%. Spinel 7%

929. (?px 2%. Spinel  6%.

90%. Cpx 2%. Spinel 6%. Opx 2%.
85%. Cpx %. Spinel 7%. Opx 3%
80%. Opx 2%. Spinel 8% . -

.

80%. Cpx 15%. Spinel  5%.
10%. Cpx  30%. Plag 55%. Spinel 5%.
15%. Cpx  35%. Plag 50%.

10%. Cpx  35%. Plag 55%.

85%. Plag = 10%. Spinel 5%. Minor cpx.
80%. Plag 10%. Spinel 2%. Cpx 8%.
85%. Plag 15%. : . '
80%. Cpx 10%. Plag 10%.

85%. Cpx 2%.  Plag 13%.

22%. Cpx 30%. Plag 40%. Spinel  8%.

Averége modal analysis:

~ 271 Anorthosite gabbro. 01
272 Dunite 01
274 - " _ 01
275 " . - 01
276 " Z 01

From North Arm ﬁ0untain
194 Dunite 01
195 v 01
A 196 " 01
\\\\‘///_ From Table Mountain

_E2  Dunite 01
E4 .01. Gabbro 01
ES 01. Gabbro 01
E8 01. Gabbro 01
TMC1 Fd. Dunite 01
TMC2 Fd. Dunite 01°
TMC3 Fd. Dunite . .0
TMC4 Fd. Dunite , 01
TMC5 Fd. Dunite 01
TMC6 01. Gabbro 01
D. Gabbros:

From North Arm Mountain
198 Gabbro -
199 !
200 "
201 "
" 202 - !
203 "
205 "
206A "
206B " -
207 ! :
. ! A
From Table Mountain
126 Gabbro
244 B
249 "

Plagioclase 60%. {Cpx 30%. 01 - 3%.
Oxides 2%. Amphibole 5%. - . T
Alteration of Cpx and Plag is variable. °

Where there is significant departure from
this average it is shown.



282
284
285
289

E6

E7

E9

E12
E16
E17 -

E18 -

N

/
301A
301¢C
312
3124
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: Gabbro' 01 8%. Plag

1) /_J

1 \
" A j
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- Average modal analysis:

Plag 48%. Cpx 38%. Oxides 5%.

Plag pheno. 8%. Other 1%.

Cpx variably, altered to actinolite/
chlorite.
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The field mapping carried out by the author has
been published as Paper 72-34 (G.S.C., Williams, 1973)

and a copy has been included to supplement Figure IIIb.

Topography and structures are shown on this map.

W
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